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ABSTRACT

This report is an UNCLASSIFIED edition of USL Report No. 2565 (CONFIDENTIAL), dsred
21 March 1955. The Project AMOS worl: which was carried out through tiae period 1 January
1953 - 31 December 1954 is summarized, Thisisa finalrepory of the AMOS deep- water acoustic
measurements, which begen in June 1949, During the period covered by this repor:, ihe
Underwater Sound Laboratory carried out a number of studies and analyses of AMOS data; these
are included herein as Studies A througi i+ and H through J,

The major study is an analysis of sound transmuission at frequencie=s betweea 2 and 25 ke
based on all the AMOS data and on other data available in the literature. Propagation-loss
prediction chaits based on this nualysis are presented as a function of certain enviroumental
parameters, An error study of the propagation analysis s presented next, Studiss of AMOS
low-frequency noisemaker data analysis, ray tracing in the ocean, and bottom refiection in
deep water arealso presented, and a summary of Cruite TWELVE, which was compisted early
in this period, i included,

ADMINISTRATIVE INFORMATION

Topermit a general distribution of the results of Project AMOS the current ediricn of USL
Report No, 266(CONFIDENTL: L) has e=ndeclsssified withi the deletion of Studies E through G
(pp. 40-64) from the original document,

REVIEWED AMD APFROVED: 9 May 1967

+ H Het
F. H. Hunt
Associate Technicai Director for Admini stration
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REPORT ON THE STATUS OF PROJECT AMOS
(Acoustic, Metcorological, and Oceanographic Survey)
(1 Junvary 1953 - 31 December 1954)

INTRODUCTION

Project AMOS (Acoustic, Metcorological, and
Ocennographic Survey) was ostablished in order to
permic the collection of acoustic propagation data
and the simultaneous obsetvation of meteorologicat
and nceanographic factors of significance to sonar
petfumance in the vital sen lanes of the Atlantic
Occan during all seasons of the year, The informa-
tion obtained was designed to cover both current
andplanned echo-ranging and lisiening frequencie.

The major objectives of Project AMOS have
been achicved in one [otm or another. It is planned
to mnke continued use of the Project AMOS prop-
agation-loss data and environmental statistics for
opetational studies as indicated. The AMOS objec-
tives are the following:

a. Thcpreparation of a sct of prediction charts
for operational planning purposes. Such charts rep-
rescnt the sonar situation on a probability basis
for ench arca of interest and for each moith of the
year. Various setsof chates corre sponding to equip-
ment categories, such as sucface-ship-mounted
echo-ranging sonar, variable-depth echo-ranging
sonrr, or submarine-installed low-frequency*pas-
sive sonar, may be prepared. From these charts, it
will be possible to determine not only the proba-
bility of achicving a particular detection rauge on
a submarine by echo-ranging ot listening but also
the probable range of detection of a convoy by an
enemy submarine.

b. The compilation of a set of detailedpredic
tion chaits for tactical employment, based upon
the propagation loss and figure of merit tor partic-
ular sonac equipments in relation to the prevailing
oceanographic conditions. These chares will be
used for day-to-day operations, for convoy screen
spacing, and for similar applications.

c. The formulation of a set of design charte
which will make possible intelligent design of
sonar equipmeat to meet specitied operational re-
quirements.

The participants inthe AMOS program were the
U. S, Navy Hydrographic Office nnd the U. S. Navy
Undecwater Sound Laboratory, Jaintly they wers
responsible for acquiring simultaneous acoustic
and environmental data. The Uaderwater Sound
Laboratory was responsible for the design, instal~
lation, and operation of acoustic equipment, while
the Mydrographic Office cartied out the design, in-
stallution, and operation of oceanographic and me-
teorological equipment. These agencies were also
jointly cesponsible for the development of methods
and techniques for field utilization and for presen-
tation of the acoustic-oceanographic data to the
Forces Afloat. This responsibility involved the
preparation and publication of material which pro-
vides procedures foc converting equipment charac-
teristics and local environmental conditions into
operationally and tactically usable rerms.

In additionto acquiring acoustic data, the Lab-
oratory undettook the analysis and correlation of
simultancously observed acoustic and environmen~
tal data for operational purposes. The Hydro-
graphic Office was responsible for the acquisition
and analysis of extensive environmental data for
operational purposes and for the publication of
opetational sonar charts. It also was responsible
for the preliminaty planning of AMOS cruises,
handled such matters as itinerasies, project coor-
dination, time and space allotments, personnel as-
signments, proposcd shipyard installation of sci-
entific equipment, and the preparation of techaical
instructions, and initiated ‘'working-level’’ con-
ferences with the agencies and vessels lavolved,

SUMMARY OF ACCOMPLISHMENTS OF PROJECT AMOS

This reportis a final report of thie AMOS acous-
tic=cnvironmental cowrelations in deep water, The

Underwaier Sound Laboratory is aow undertaking
an extensive program of shallow-water propagation
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menasutements. ' A summary of the accomplishments
of Project AMOS ut the Underwater Sound Labora-
tory is now included,

Since the inception of the AMOS program, a
sizuble amount of acoustic propagation duta has
beea accumulnted for the North Aslantic Ocean for
a wide range of acoustic frequencies and environ-
mental conditions, The map in Fig. 1 shows the
ten joint occanographic and acoustic statlons for
which propagation-loss data have been obtained
up through Crulse TWELVE. The AMOS cruises in
which the L aboratory patticipated aze listed below:

AMQS Crulses

AMOS Acoustic

Crulne Crulse Date «  Stutions

Number Occupied
Tv0 June 1949 6
TMREE July-September 1949 19
FOUR OctoberDecember 1949 1?
FIVE February-May 1950 23
SEVEN November-December 1930 7
EIGHT Febiuarys Apeil 1931 3
NINE Junc=September 1951 20
TEN Januocy=Apeil 1932 18
ELEVEN June-September 1932 20
TWELVE February-Apiil 1933 20
192

duced to IBM cards and tabulated.? Copies of the
tabulations have been futnished to the Woods Hole
Oceanographic Institution, the Navy Hydeographic
Office, and the Agricultural and Mechanical Col-
lege of Texas, Thete are 131,600 paice of cards in
the North Atlantic File and 14,350 pairs of cards
in the Mediterrancan Flle. This sct of environ-
mental data cards has proved to be quite important
in a number of wpplications, The catds have been
separated into various geographical areas, and sta-
tistical compilations of impottant factors have been
made, The Hydrographic Oifice has agreed to kzep
this basic file up to date and recently shipped
48,000 cards to the Laboratory.

Acoustic propagation and associsted envitone
mental data obtained from AMOS cruises are ire
ventoried below,

AMOS Acoustle Cards

AMOS BT Cord File

(Cutd Luyout Form, Fig. 7,
USL Report No. 147)

(Catd Layout Form, Fig. 8,
USL Report Nov 147)

The propagstion-loss data obtained on these
cruises were punched on IBM cards as indicated
below. Finally a set of 26,672 IBM cards was pre-
pared for all AMOS cruises with fourfrequeacy
(2.2, 8, 16, and 25 k¢) propagation-loss data at
standard projector depths, teceiver depths, and
ranges. Copier of most of these cards hove been
furnished to the Naval Research Laboratory and
the University of Michigan. Available transmission
data cover a frequency range of from 70 cps to 25
ke, and vertical reverberation measucements cover
the range from 2.2 to 34 ke. A list of propagation-
sun station positions is givenin Tables 1A and 1B
for both high-frequency and low-frequency runs.

All North Atlantic and Medlteranean BT ob-
servations in the Woods Hole Oceanographic Insti-
sution File through November 1951 have been re-

I The present status of the shallow-water mensuse-
meats program is covered in USL Report No, 260, Quar
terly Report, 1 July « 30 September 1954 (CONFIDEN-
TIAL).

Crulse No. of Carda Crulse | No, of Cards
2 750 2 30
3 4.750} 2,2, 29 ke 5 256
s | 3000 3 350
7 300} @, 16, 25 ke 7 30
8 | 15000 s 400
9 | 13,0% 9 400
10 | 16,000 10 430

8

1 | 22000 220103 ke n 350
12 | 12,30 12 50

Toust | 88,050 2,750

Hydrographic Office AMOS Cirulse Oceanographic Statlon Flle
(Data for alt crulses have been received in liating form.)
{Curd Layout Forme, Figs. 14-13, USL Report No. 147)

Cruise No. of Catds
1 310
1 650
3 2700
4 2400
3 2230

2The DM cards used foi this purposc atre showa ia
Fig. 1 of USL Repott No. 147, Report on the Stalws of
Project AMOS (20 April « 31 December 1951), by H. W,
Marsh, Jr., and M, Schulkis, 19 February 1932 (CONFI-
DENTIAL),
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Table )

e e an e e s e = e et e o

B PROJFCT AMOS PROPAGATION RUN STATIUNS IN DEEP WATER
L _ A High Reequency | 2.2, 8, 16, 23 (21, 29) ke
Acoustle Date Fator cogr
Crulne Seatlon Cotar) Latitude Loagitude Depth ul::l‘l':al::.“
(im)

2 1 v 4 39% 2N 70°0'w 1340 331
2 TR 38°17'N 69%23'w 1900 152

3 v 4 36793'N 6’ 17'w 2930 333

4 1nvy ¢ 36%33'N 62"03'w 2500 5>

5 22V 4 36°3%'N 15%3'w 800 136

7 PR Hrn 60%0'w 6%0 329

) 3 16 v 49 30°33'N 39%56'w 2800 33-2
6 AT ] w013, 5'N °nm'w 260 343

9 WV 49 10°1N 4%y 2620 3-3

12 2 v 4% %51, 5°N 4%17.9'y 7% -6

1% n v 49 31%7'N 37°%2'w 1830 . 358

18 22 vt 49 31°24'N 32%4.8'y 2400 349
1 BV A LIV 1AL 2°30.2'w p1}3) 33-13
24 3V 49 31%97.9'N 0”49.0'w 2600 s4-12
27 26 Vi1 49 312°11.4'N 15°26,0'w 20 . 3514
»n BVl 4 SN 180w 710 S4-16
% stvu 49 36%%,0'N %1y 2170 34-19
» 1 vt 49 30°23'N 10°25.9'w 2630 3319
a 8 Vil 49 40749, 5'N 13%9.5'y 1800 S22
4 10 VIl 49 44°36,5'N 16°1L9'y 2400 : 9521
@ U Y49 46°N 12%4w 21% 3423
30 12 VIN 49 41°49'N 19°18°% 2093 54-26
54 19 v 49 191N 1% : 3% S4-28
37 20 vii1 49 32%06.8'N 20°1'y 2040 3430
60 21 Vi &9 $3°%4.6'N 26°16.0'y 1500 5432
63 22 Vil 49 33°32'N 31%54'w 1440 33-29
&6 22 VI 49 30°43. 2'N 1w 1850 3434

9 25 Vit 49 A7°19.8'N %°26.5'w 1850 -
72 26 VI 49 43°45.9'N 9°09'w 1600 5437
75 29 VIKL 49 35°10°N 21%3'w . 643 35-33
7 21X 4 37°1LeN 32%4.9'w 1200 34-40
81 11X 49 36°ILON 38%51.2'w 17% 55-48
84 SIX 49 3%6°14, 3N “®s0.1'w 2500 3443
87 © 61X 49 31%.6'4 $1°26.6'w 2390 55-41
% 71X 49 33%06.0'N 38%3.5'yw 2490 $4-46

s 1 B o 70%0.6'w - 982
2 i 30 26"12.1'N 69%08.0'w - -

3 12n % 16°31.0'N e 'y 2330 -

4 B0 w0 12°16.0'N s2°50.0'w . 1600 58-9
] nu % 11°20.0'N $9°19.8'w 1010 s5-10
¢ 1y % 16°19.3'N $0°20.2'w »%0 s8-11
7 I 30 20°16. 2*'N $1%34 1w 27170 $9-20
] s 50 26°20.1'N 57°08.1'W 300 58-14
9 sm % 3:°10.0m 36°18.2'w 963 39-23
) sm 3 36°15.5°R 33%s6.5'w n% 98-17
1 ‘o W 4a1°165'N 55%86.5'w 8%0 39-29
12 m % 411N 50°03.9'w 2000 38-11
13 v » 38%33.9'N Wm0y 2173 $5-28

{Comtinged}
3
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Table | (Cont'd)

-

Aceustle Date —
Crulse Station (otan) Latitude Longlude "'::.';"'. ﬁ".f':.:’.‘::‘
] 1" v % 33°23.0'N EIMER S 1360 9.9
1 om s 31°13.6'N 31°46.3'y 13% 931
1 DM % 36°22.0'% 2°39.0'w 1700 $9-32
v wut 0 42°31L.9'N 22%3. 1w 2000 $9-34
1) onm % 46°%41.0°'N 18°30.0'w 2400 -3¢
19 i 49%50.0'N 15%00. 2'w 2490 $9-37
» v w0 19%32.2'N 22°51,0'w 2190 39%-60
n 0V %0 529N 26°19.3'w 3000 3833
1 a4V 30 30%23'N 33%10,0'w 2210 $9-63
P v % 2°36,2'N 41°99.3'y 1660 59-63
% sV % 3%49.6'N $2%4.3'w 2050 3967
23 oV % 31°37.9'N 60°38.0'w 2620 $8-40
7 ) 23X % »°11.0°N 70°20,0°w 2860 -
[ 2X1 % 19°32.0'N 67°33,0'y 2000 i
s X W 14°14.8°'N 12°14.7'w 1800 634
é 29 x1 %0 139351 N 7522 5'w 2100 633
7 1xn % 17°11.6'N 81°12.9'w 710 1381
(] [ ] 23733.4°N 23°33.6'w 1200 §39
s 1 au N 31°23.9'N 67°1. 1'y 2730 6%1 ;
] én s 30°24.3°N 61° s.0'w 2800 633
3 su N 30°38,2'N 33°15.3'W 3020 $3-4 '
4 sy 5 30°23.0'N 49° s,0'w 2500 6%3
7 B N 30°25.0°N %°14.0'y 230 649 i
(] 1sun 1 31°35.0'N 22°39.0'w 2850 63-11
9 200 351 32°49.0'N 18%35.0'w 1880 6411 :
10 2nu s 33%37.0'N 13°19.0' 2400 64-12
n 2210 M 35°27.0'N 7°1n.0'w 7% 64-13 ,
12 am 5 3600.0'N 10°12.0° 2% 65-17 i
13 sin st 33°23,0'N 21°%9.0'E 2040 64-18
" sm 91 36°320°N 18° 20'E 1970 6419
13 itm 9 39%03.0'N 14°31.0'E 1850 63-21
1] 12m % 41°38.0'N 10°25.0'E 800 64-21
1] 2 3 37%10'N 00°30.0'E 1300 - 63-26
1" 7m 31 39°43.0'N 11°19.0'w 2240 6426
19 »m s 44%39.0'N 7%36.0'w 2620 6421
2 By 5 46°34.4'N 9%320'w 500 6531
21 121v 351 46°23.0'N 12°10.0'w 2250 63-32 T
n 13V 51 42%00.0'N 16%40.0'w 23%0 6433 ;
23 191V 31 32°34.0'N 30°53.0'w 22%0 64-36 ;
U AV N 32937.0'N 36%47.0'w 1740 637
23 131V 3t 32°%0.0°'N 33739.0'W 2530 63-41 !
2% 271V 51 32°46.0°N $9°06.0'w 2640 64-41 _
’ 1 2va 5 41°20.0'N $9°16.0'w 2600 66-2 ‘
3 4va 3\ 44°42.0'N A7°n.0'w 2000 67-4
4 sv 31 9%°60.5'N a%15.0'w 2250 §7-6 i
s svn 31 54° 20'N LESLTY 1480 66-8 |
¢ 9 vn 5t 36°51.0°'N 34938.0'W 1000 678 : i
7 12 Vil 51 56°19.0'N 3»°13.0'w 930 67-9 |
s M st 62°20.0°N 27°37.0'w 800 07-10 i
9 20 va 5t $9°39.0'N 22°%6.0'w 1300 66-19
10 22vi i 34° Lo'N 21° o.0'w 1500 66-13 ‘
11 24vn 31 43°22.3'N 19%°24. 2w 2300 67-1% :
12 26 Vi 31 ©°13.0'N 18°s2.0'w 3000 67416 ;
13 2vii 5 38%35.4'N 16°14.1'Y 29% 67-18 :
" 3 VIl 51 41%47.6'N 15%39.8'w 2873 66-21 5
13 4 VIS «° L¥N 15%e0.6'Y 3000 67-19 :
1] 6 vl 51 46°25,6'N 15°18.0'y 2400 66-22 - ‘
17 7 vl 51 50°18.7'N 14Ty 2300 66-23 ;
(Continued) i
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Aconstie

Tuble 1 (Coni')

o

. Datr
“ Ceulne Siatlon {utart) tatinde Longitnde '":;ﬂgﬂ“. ”S’I‘l:‘:;:l.’"h:.t
: 9 1 8 vin st 35720, 9'N 11%43).5'w 1300 66-24
: 0 s1x 91 NI L] 2537w 176h . 67-23
10 \ wu 32 47%42.0'N 4° 1Lo'w 2100 Ty
2 FXTIEEY: 34° 9.0'N 4% 0'w 1130 68-2
3 An w2 $a%0.0'N 2" s.o'w 1260 684
4 s 32 60"43.0'N 25Y%0.0'w 1100 68-6
3 an s2 36°24,0'N 10%420'w 1350 é8-7
6 oa o s2 34%H.0°N 1% 0.0'w 1600 6”9
. 7 nu 2 57%0.0'N 12°27.0'w 1218 68- 10
8 nn 52 61°21.0'N 1036, 0w 650 68- 14
9 70 N 65° 1.0'N 1°36.0'w 1680 68-16
10 w52 61°%45.0'N 0%17.5'w 1300 69-17
" T 52 60" 7.0'N 5%57.0'w $10 66-18
13 161 52 44737.0°N 13°37.0'w 1900 68-23
13 MHum 52 39°1%.0'N 14%40.0'w 2520 6928
16 B 32 A0°21.0°N 12°18.0'w 2270 69-27
17 om 32 417°24.0°N 4° %.0'w 2600 68-30
18 1y 52 . 41%59.6°N 471%4.0'w 2010 69-28
1 1 MV 52 42°35.0°N 1 7.0°w 1450 -
2 16 VI 52 497 B.0°N 41°37,0°w 1200 70-1
3 mvl s2 36° 5.0°N 41%0.0'w 1920 712
4 2 Vi S2 59°59.0'N 34%1.0'w 1330 70-4
s 22 V1 52 62" 9.0'N 22°20.0'w 870 70-6
6 v 2 62°16.0°N 15°25.0'w 1200 70-7
- 7 4 VI 52 61°16.0°N 10°39.0°w 630 717
8 8 v 52 66°22,0'N 3°23.0'E 840 7111
9 1V 32 70° 3.0°N 15°45.0'€ 1300 70-34 -
i0 14 vl 32 73°39.0°N 8°39.0°F 1350 70-38
- n 16 Vil 52 70°28.0°N 8° 20 1610 70-39
12 18 VIt 32 75°32.0'N 0°53.0'% 969 71-42
13 20 vl 52 73%A7.0°N 10° 9.0'w 1700 70-44
14 2i vl 52 72°19.0'N 3%3L.0'W 1330 71-4%
1y nvn 66°55.0'N 4° 1.0'E 1810 7346
16 29 vil 12 66°12.0°N 1%13.0' 820 71-47
17 1 v 52 68°14.0°N. 1°13.0'w 1960 773
18 2 vin 52 s5%36.0'N 1n’ao'w 1550 71-82
21 2 Vill %2 5079504 N: 41%4r.0°w 2350 71-88
12 2 Bu 5 42°38.0°N 60°35.0'% 1840 72-2
4 18y % 35°33,.4'N "62°44.2'W 2750 73-6
¢ 3 v % 34%14.2'N 63° 6.7'W 27%0 7243
¢ 3 53 27° 7.9'N 57°10.0'w 3310 739
7 3m 53 26°00.0'N 58°54.1'W 3360 72-6
8 5 53 22°40.8'N $7°12.9'% 3350 73-10
9 710 33 19°23.0'N 58%s7.0'w 2620 72-8
10 9 33 17° 6.2'N 38%9.4'W 975 7314
Y 16 ML 53 14%¢7.1°N 59°30.0'w 1600 712
12 1B 5 12°24.0'N 612 2'w 1350 7214
? (1) 19 33 U°IL AN 60°18.3'W 1370 73-19
1" 0m 5 16°41.0'N - 60°42.0'W 3000 7217
15 . 221 33 18°20.0'N 62° 9.0'W 2840 7218
16 31y 33 25°38.5'N 67°3.0'w 2940 7326
7 41V %) 24°32.4°N 69°19.0'W 30%0 7221
18 sty 53 26°25. 1'N 69°51.1'w 973 73-27
19 s1v 53 157 14.0'N 71°38.7°W 3000 1222
.1} 71V 5 27 6 I'N 72°15.9'% 2760 73-28
21 15w 3 %41 °N 75°14. 1'W 2563 73-30
22 161V %) 1N 76° 7.5'w 1500 7331

L

3

et RSNG4




B. Low Frequeacy ) v

Brosd-Band Source! | Mombd Drop | Hydrophone
Date’ Lotitude Longltude Ronge Range Depth |
Troe (kyd) (kyd) () i
WVt 52 | 75%0N 1°%0°E Sieen | 0,57 » 903 300 f
1viu 32 68%00"N 1%0'w Siten 0.%70 7 50; 506
Uy » 42°29'N 60°3 2y Mk dv 0.533 a2 -$ 300 i
on 38 | 3N | ePsew Syen | 0,540 80 =130
2N 3;’ 33°39'N 63°2y'w Mk dv 0.5-80 80 -y 300
nu 33 | 01N | ed®srw Mk Ay {m ’ %4300 ]
. 949 ") 302 300 -
BU N 32°22'N 6s° 9w None - 20 1300
am N 23%39'N 56w Nowe - »” 303 500 :
sm % 10°13°N $6°54'w Nosa | = 6 05 300
om s | BTN | 390w Nowe - 86 ~300
o 33 | 12°%%N 60°s3'y "sken | 0,314 78 1500 ;
nw 33 | 16%9n 6%’y Nose - o0 %01 300
®m 3 10°31'N «°® y'w Mk dv 6.090 90 %0; 300 |
som 3 | 18°51'N 66° s'w M dv 4070, 0 -1900 ;
st 33 | %N | e® 5w Mear | 20937 9y 301 300
3V %3 375N ey Mk AY 0.3-54 " 305 300 |
4aIv 9 24"3rN 69°1'w Nosa - 0 05 300
sty 53 | 2%24N 6952’ ME4Y 0.58 | 00 w -
siv 3 | 2°2'N 71°3°'% Mk 4y 0.5-76 “76 0 - 3
stv 33 | 25%8'N 73°26'W Nkdv 0.5-6% 6 4 - ;
v 33 | n°zrn | 16°15w Mkav | >30-80 ” 30 - ‘
16ty 33 | 2°%'N 15°24'w MkAv 0.5-80 0" -3 300
21ty B 38° 4'N 73%4'w Mk &y 0.5-74 ] 505 -
01y 3 36° N 72°%'w Mk 4y 0.5-88 88 30 =
211V 9 37°36'N 72°55'w Mkdv 0.5-90 90 % -
21v 9 u"n'u 72%08'V Mk dv 0.%73% 75 30; -
suum conducted om 18 VI1 52 and 1 VIl 32 were occupled on Cruise BLEVEN. Al othsr
stations sccupied on Cruise TWELVE, -
Y All Sien ané KA 4v noisemaher runs bave baen procesued,
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Lt eddidon, wll the wartime acoustic and envi-
avvratal secoeds of the University of Califoraia
Pivision of War Research have been transcribed on
1M curds, The shallow-water propagation surveys
made in Fishers Island Sound by the Columbia Uni-
veisity Division of War Research and the Eamt
Const and Gulf of Mexico shallow-water propaga-
tinn sucrveys carried out by WHOU have been cran-
scribed to punched-card form. An invencory of these
propagation and envitonmental data in the Labora-
tory' s [BM punched-card file is presented below:

——

UCDWR Acoustic Data
{Csid Layout Forms, Figs, 912, USL Reporc No, 147)

No. of Curds

Low Frequency: Acoustlc 1861

0.2, 0.6, 1.8, 7.3, und 22,5 kc Envitonmental 436

igh Frequeacy: Acoustic 4112

10, 14, 20, 40, 56, aud 60 ko

but primaclly 24 ke Envitoumental 1541
7950

Fishers Island Sound and Block Island Sound Shallow-Water Dats
(Columbis University Division of War Research)

Number
Eovitonmental Cards 30
Acoustic Data Cards 100

Woods Haole Occanographic Institution
Shallow-Fater Acoustic Dara

Number
Bathythetmogrsph Cawds 863
Eavironmental Catrds 300
Azoustic Catds 590

During the year 1951, a set of QHBa perform-
snce charts was prepared, Included in this set
were monthly tables and charts of expected sweep
width for QliBa-cquipped sutface vessels for four
operational submarine-depth intervals. Such stra-
tegic charts may be uscd in comparing convoy
routes from the point of view of sonar protection
and also for submatine operations.? This informa-
tion was transmitted to the Hydrographic Office
for publication and dissemination. *

3sample charts may be found i UJSL Report No.
147 (CONFIDENTIAL).

4 See USE letrer 1o the Hydrographic Office, *'Status
of Mroject AMOS,” ser, 1110-036, 1 November 1951
(CONFIDENTIAL).

In prepacing these charts it was necessary to
establish a QHBa Ffigure-of-merit measurements
program, which extended well into the year 1952.%
As a result, the figures of merit of 27 destroyers
type ships of the Fleet wete obtained under varl
ous environmental and ship operating conditions,
Approximately 200 sonarmen participated in these
operations. {n addition to the data required for the
strategic operational charts, many other important
¢csults were obtained from this figure-of-merit pro-
geam, Significant personnel factors were uncovered,
the importance of a clean sonar dome was empha
sized, and the importance of a more rapid audio-
beam search than that prescribed by QilBa doce
trine was established.

An analysis was also made of the propagation
data with respect to variable-depth sonar applice-
tions.5 Project AMOS data were applied to the
problem of detesmining the optimum depth for vari-
abie depth sonur and the gains to be expectad for
a system operating at this depth.

Another study carried out in the year 1952 coa-
ccened the expected operational performance of echo-
ranging sonars at 5 kc and 10 ke.” In this work,
aimed at efficient system design, Project AMOS
propagation-loss data at acoustic frequeacics of
2.2, 8, 16, 21, 25, and 29 ke were analyzed as a
function of range and operational submarine-depth
intervals for various BT AMOS code classes, A
study was also made of the expected propagation-
loss anomaly, at various ranges, arising from bot.
tom-reflection acoustic paths in deep water. These
propagation data were applied to monthly environ-
mental statistics for the North Atlantic Ocean area
between 30° N and 40° N in order to obtain the ex-
pected median range for four equipment figures of
merit (140, 150, i60, and 170 db) for 5-kc and 10+
ke, hull-mounted, echo-ranging sonar systems. In
the present report, a modified version of this study
has been prepared for systems at 8 and 14 ke, S

5 This program is described by M. Schulkin, F. S
White, je., and R. A. Spoug in QHila Figwre.of-Merit
Tests, USL Report No. 187, 3 Apsil 1933 (CONFIDEN-
THAL)

6 See Appendix A of Repors os the Status of Project
AMOS (1 January - 31 December 1952), by H. W, Marsh,
Jt., and M. Schulkin, USL Report No. 188, 3 April 1933
(CONFIDENTIAL).

7 See USL Report No, 188 (CONFIDENTIAL), Ap-
pendix D,

8 See Study F.
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Bottom-reflection paths at these frequencies have
been found to he less important than reported ear-
lier,

Also in conncction with this program a study
concerned wich the temperature dependence of at-
tenuation was prepared.” The study of Project
AMOS propagation measuremences made in isothermal
water shows that the temperature of the water has
an important effect upon the propagation loss, the
loss being greater in colder water.

In addition, propagation loss in isothermal lay-
ers depends slightly, but consistently, upon pro-
jector and receiver depths. Data which showed the
distribution ofpropagation loss at frequencies from
2t 25 ke,at ranges from 1 to 33 kyd, at projector
sad receiver depths from 20 to 500 ft, and at water
remperatures from 35° F. to 70° F. were presented,
The probable ercor under prescribed conditions was
3 db. The temperature effect is in good agreement
with a model exhibiting a single relaxation proc-
e33.!? Also, a wave theoretical trestment of the
propagation problem shows that certain features of
the observed depth dependence are explicable,

Analyses of low-ftequency noisemaker runs
made on certain of the AMOS cruises were also
carried out.!! The putpose of these runs was to
determine attenuation values for propagation of low-
frequency (100 to 10,000 cps) sound under various
oceanographic conditioas. Topics of interest in-
clude propagation in sarface channels, channeling
of sound betwr-.a the ocean surface and bottom,
distancesbetween focus points at various latitudes,
and modification or design of equipment for better
production and reception of low-frequency sound
in the ocean.

The broad-band magnetic-tape tecords of low-
frequency noisemakers ace being processed with
automatic equipment, The end product is a set of
IBM punched cands, at apptoximately 250-yand in-
tervals, which contain the measured level in ten
frequency bands from approximately 200 cps to
10,000 cps; the actual frequencies depead on the
source used. These runs can extend outto about
B0 kyd, and background noise levels are entered

9 Sce USL Report No. 188 (CONFIDENTIAL), Ap-
pendiz C.

10 A foraula for the temperature effect on absorpiion
including relaxation und viscous terns is preseated in
Study A of this rcpore,

11 See Studies I and J of this tepor,

periodically in place of the noisemaker levels,
Level-versussrange plots have been made for the
card data by means of the automatic plotting mae
chine, Range values were obtained from range-
versus-travel time curves drawnfrom the bomb-drop
data, Sound-velocity-versus-depth plots were com-
pleted for all dcep Nansen cast data of Cruise
TWELVE, and some ray computations were made
therefrom, '3

From the level-vecsus-range plots, levels have
been rend and tabulated for 0.25-kyd increments
from 1 to 2 kyd, 0.5kyd increments from 2,0 to 5,0

kyd, l-kyd increments from 5 to 10 kyd, 25-kyd .

increments from 10 to 20 kyd, and S-kyd increments
from 20 kyd to the coaclusion of the run. In the
fucus region, readings are tabulated at 0,2%kyd
range increments.

Source levels for the two soutces have been
determined by assuming spherical spreading to 1000
yd for each station and extrapolating the value at
1000 yd back to 1 yd. An average value for each
frequency band was then computed from the exs
wapolated values.

Plots of measured level plus computed spread-
ing and absorption loss have been made against

the grazing angie at the ocean bottom for frequens

cies of 1, 2, aud 8 ke for those stations for which
a reasonable estimate of the ranges at which bote
tom reflection paths predominate could be made.
‘An analysis of AMOS transmission data in the
2- to 25-kc frequency tegion, including propagation
by way of the bottom, has been completed.?? It is
believed that, for the most part, propagation at
these frequencies in deep water is fairly well
understond in terms of cnvironmental factors. In
another repore, f* contours of transmission loss
have been plotted for ten frequencies and three
projector depths, for u standard temperature
(50° F.) and a standard layer depth (100 ftr). Cor-
tection charts have beenplotted for each frequency
for the correction requited because of changes in

" layer depth, temperature, and sea state, Values for

the absorption cocfficient as a function of fre
quency and temperature are also included. These
data have been used and will continue to be used
in the future, in the frequency range covered, for

12 For the ray methods used, see Studies H and ) of

‘this repore,

13 See Swtndy A
14 Sec S(ﬂdy B.
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Fig. 2+ Tronsmission Loss vs. Ronge for Standard
Conditiens

operational applications involving echo-ranging,
variable-depth sonar, andpassive submarine sonar.
It is impottant to have a siandard reference of
transmission loss related to range and frequency.
Figwes 2 and 3, epplying to specific environ-
mental conditions which are typical of those oc-
curting naturally, are recommended for this pus-
_ pose. -

The AMOS propagation results were used to
constructe lateral range curves for hull-mouated,
echo-ianging somars at various ftequencies and
figures of merit for submarines at periscope depth
and at the best depth for avoiding decection,'s
The curves apply to specific layer depths and sur-
face temperature s, Such curves were usedby CAPT
S. D. B. Merrill to space the ships of hio screen
in AsDevEx-I. A subsequent study of AsDevEx-l

and other available data showed that predicted and -

15 See Study E.
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Fig. 3 - Transmizsion Loss vs. Fraquancy for Standard
Conditions

measured range performance compared favorably
at al! frequencies over a range of prapagation cone
ditions, 18

As a result of its experience, the Lahoratory
has been assignedhe problem of preparing a sonar
range prediction manual to replace the existing
manual, Sondr Prediction with the Bathylbermo-
-graph (NAVSHIPS 900,111, 1 October 1947, CON-
FIDENTIAL). The Laboratory also plans to use
its propagation information in the analysis of op-

"erational submarine array sonar contact reports,

All such teports received to date have been key.
punched, checked, and listed. Listings have been
distributed to ComSubPac, ComSubLant, SubDev-
GruT WO, and Bureau of Ships.

16 See Study F. This study was delivered as o paper
ut the Ninth Navy Symposium on Uaderwater Acoustics,
17 June 1954, at the Naval Resesrch Laboraiory, Washe
ington, D. C.

PROPAGATION ANALYSIS AND SONAR RANGE PREDICTIONS

‘The nine studies appended to this report re-
preseat work done on Project AMOS dusing the
yents i953~54 inthe ficlds of propagation analysis
and sonat range predictions, Project AMOS collected

AR AT b e {0 N e RN v i IR A DR, e TR s

large quantities of prapagation-loss data on ex-
tensive ctuises to all ports of the North Acluntic
in all scasons in order to estend our knowledge of
propagation, both with respect to acoustic fre-




quency md depth of eadpoint positions ofthe prop-
agation puth, As each cruise was completed, the
data were examined and analyzed In the light of
previous cruise results, existing knowledge, and
contemporary research by other working geoups. '?

The final analysis, as given in Study A, was
considered to be consistent with information then
available, The propagation-loss data obtained from
AMOS cruises at discrete frequencies of 2.2, B, 16,
and 25 kc were analyzed and interpreted according
to a definite model. Equations of propagation loss
were obtained for the model and fitted with semi-
empirical coefficients.

The steps used to arrive at this model con-
sisted of (1) finding the important acoustic-ocea-
nographic variables, (2) studying acoustic patterns
in situations when one of these variables domi-
nated, and (3) making the simplest assumptions re-
garding the acoustic interrelation of these varia-
bes and adding complications only when the
exigency of incorporating a large body of data into
the model so required.

The model was constructed from several modes
of propagation, each of which became important
under certain conditions of the wide range of geog-

17 Some of the reports and articles consulted during
the propagation anulysis were: **Transmission,'’ Partl,
Physics of Sound in the Sea, Summsry Technical Re-
port of Division 6, NDRC, vol, 8, 1946 (UNCL ASSI-
FIED); Principles and Applications of Underwater
Sound, Suramary Technical Report of Division 6, NDRC,
vol. 7, 1946 (RESTRICTED); Sonar Data Division,
UCDVWP, "*The Influence of Thermal Conditions on the
Transmission of 24-kc Sound,’” UCDWR U307, 16 March
1945 (CONFIDENTIAL); R. J. Utick, “*Sound Transmis-
sion Measurements at 8 and 16 kc in Caribbean Waters,
Spring 1949,'* NRL Rcport 3356, 11 Novembesr 1949
(CONFIDENTIAL); R. J. Urick, "“Sound Transmission
Measurements in the Long-lsland-Bermuda Region,"
NRL Report 3630, 6 Septembe: 1950 (CONFIDENTIAL);
R. J. Usick, "*Sound Transmission to Long Ranges in
the Ocesn,'* NRL Report 3729, 6 September 1950 (CON-

.. FIDENTIAL); H. R, Baker, A, G. Pleper, and C, W,

"Searfoss, "Measurements of Sound Transmission Losa
at Low Frequencies 1.5 to § ke,** NRL Report 4225,
23 September 1953 (CONFIDENTIAL); W. C, Mcecham,
W. B. Kelly, J. Re Frederick, ‘‘An Investigation of the
Sound Transmission Loss in and below an [sothermal
Layer,” Techaical Report Projece M936, 7 July 1953,
Enginceting Research Institute University of Michigan
(CONFIDENTIAL); and J. R, Frederick, ]J. C. Johnson,
¥. H. Kelly, **An Analysis of Underwater Sound Trans-
wission. Data,’ Intetim Technical Repori, Project
M936, Apil 19%4 (No. 1936-FT), Engineering Reseacch
Institute, Univeraity of Michigan (CONFIDENTIAL).

10

taphy and season covered by the AMOS cruises.
while other obscrved effects could be included
readily, it was found that these occurted in an ex-
treme way only in certain localities. It was felt
that to introduce other parameters in ocrder to take
these into account would unduly complicate the
analysis and would not improve the prediction co
pabilities fot most of the localities and seasons,
in particular, the magnitude of the themmocline
gradient was an important variable of this type.
The propagation data for all thermocline gradients
were grouped in one class. In addition, the prop-
agation data for all temperature gradients more
positive than -0,3° F./100 ft were considered in
the mixed-layer class. It is recognized that these
assumptions must be modified for workin particular
localities.

The important oceanographic-acoustic varia-
bles for the frequencies under study were found to
be isothermal layer depth, tempetature, and sea
state. The temperature effect was best studied in
the situation where a constant temperature pro-
vailed to very great depths. Under such coanditions,
it was found that the acoustic field was generally
constant with depth at a fixed range out to rangeca
of the order of 24 kyd, che limiting range of the ex-
perimental measurements, In such ciccumstances,
the ‘attenuation constants were computed and plotted

against temperature for the four frequencies, These -

data were then considered with respect to existing
data of the same kind and to other laboratory meas-
urements. The parameters of a theoretical expres-
sion involving the sum of a viscous contribution
and a relaxation phenomenon contribution were
then determined, Formula (7) of Study A represents
the tesulting expression, Figures 10 and 11 of Study
B and Fig. 3 of Study A are graphs bascd on this
formula. 1t should be noted that the final value of
the relaxation coefficient is less than the value
0.76 presented in an earlicr work. '*

The next variable studied was Isothermal layer
depth. In shallower layers than those considered
in the previous paragraph, there is a residual atten-
uation loss which depends on layer depth, range,
frtequency, teceiver and projector depth, and sea
state. It was quite obvious from the data that, at a
fixed range and projector and receiver depth, the
residual attenuation increased the higher the sea
state, the higher the frequency, and the shallower
the layer depth.

18 See Appendix C, USL Report No. 188,
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Thus, some kind of scattering phenomenon
which depended direcely on sea state, and inversely
on volme, since a greater loss was observed for
shallower layers, seemed to be operative, This
could he explained most easily on the basis of a
surlace scattering phenomenon, A possible mech-
onism for volume scattering could be visualized
wheeeby sea state somehow intoduced volume
scattering elements so that shallower layers had
more intense scattering ceaters, Assuming that cthe
mechanism is one of surface scattering, the loss
can he related to the degree of contact that the
acoustic energy has with the sea sucface as well
as to the size and frequency of the surface itreg-
ularities. For an omaidirectional source, the frac-
tion of rays which are refracted upwards to meet
the surface depends on. the layer depth. The range
of the limiting ray is a measure of this fraction.’
This range between successive surface contacts
of the limiting tay curns out to be the VL/2 in
kiloyards if L is expeessed i feet. Thus, L is a
suitable scaling factor for range if the degree of
contace of energy with che surface is a satisfactory
measure of the energy loss from a surface channel.
By further scaling the projector and receiver depths
to layer depth, it would seem possible to normalize
the data for all layece depths at any single fre-
quency, This was done in the analysis Ieading to
Study A and proved to be a reliable way of trans-
lating a large amount of data into a single prop~
agation class.

Three propagation zones were recognized in
connection with propagation in the presence of
isothermal layers. The near zone is defined by
a limiting ray leaving @ source and returning to
the surface after touching the bottom of the sur-
face channel. Jn this zone energy travels becween
points by a direct path and spreads spherically. In
the far zone, energy is propagated down the chaanel
after two or more contacts with the surface, and
‘the decay of the acoustic field can be represented
by a scattering loss cocfficient added to the tem-
perature absorption term at a fixed frequency.
Cylindtical spreading holds in this region, The
intermediate zone is a zone of transition between
the near mne with spherical spreading and the
far zone with cylindrical spreading and surface
scattering loss, A semiempirical depth-loss faceor
was vhtained for cach zone, depending on the ratio
of the scaled rang~ in any zone to the scaled zone

width, The formulas provide a propagation loss for
any projectorreceiver depth pair,

Rhen both ends of the propagation path are not
inthe isothermal Jayer, encrgy may penetrate below
the layer by way of aurface scactering, diffractive
leskage from the suwface channel, or diffractive
leakage from the direct beam. The firattwo cases
are taken care of by the depth-loss factor for each
of the propagation roncs of the previous mode,

Tive case of diffractive leakage from the direct
beam must be treated individually when the mode
of propagation Involving downward refraction pres
vails. Downward refractiun occurs in the presence
of a negative velocity gradicnt directly below the
surface when no layer is present or in the thermo-
cline below an isnthermal layer. Thus, when one
end of the path is in the surface channel and one
end is beneath the sucface channel, this mode
applies to the portion of the enecgy which is split
at the limicing ray and is refracted downwards,
The formulas for propagation loss for this mode
have been basedon atheoretical expression derived
previously. '? The term In the beackets of Formula
(2) of Study A has been fitted with empirical cocf-
ficients for an average velocity gradient. The equas
tion for the limiting ray uader these conditions is:

R=V5 VIZ,-L] + Vs VTZ -L]J.

Sincc the acoustic intensity may be dominated .
either by leakage ftom the surface channel or
diffracted energy from the downward zefracted
beam, computations musc be made for both of these
modes when both ends of the propagation path are
not in the layer. The mode producing the lesser
propagation loss is the one that prevails,

An important mode of propagation for variable-
depth sonar spplications occurs when a depressed
or internal sound channel is present and both eads
of the propagation path are in the channel. The
axis of the chanrel isthe depthof a sound velocity
minimum. This condition usually accurs when the
temperature gradient levels off below a steep
thermocline and che pressure effect on sound ve-
locity with increasing depth takes over. The
SOFAR channe! is such a case in point. It has

19 Sce H. W. Marsh, Jr., Theory of the Amomalons
Propagation of Acoustic Waves in the Ocean, USL Re-
pore No. 111, 12 May 1950 (UNCL ASSIFIED), p. 3.
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been found from the AMOS data that for shallow,
depresscd channels the width of these channzls Is
rpproximately equal to the depth of the channel
axis. This mode! has been used to obtain an ex-
pression for the propagation loss, which is the
same as that for the near zone of the surface chan
nel. It should be noted that this expression holds
on the average,

Finally, there are situations where energy is
propagated between two points by way of the bot-
tom. Data from several sources were combined to
yield a set of cwwves of bottom loss versus bottem-
grazing angle for frequencies from 125 cps to 32
kc. In using these curves, one calculates the
spreading and absorption loss over the ray path
for specular reflection on the bottom and inserts
the appropriate bottom loss. Far echo-ranging pur-
poses, the one-way propagation loss computation
must be doubled. Study D of this report presents a
discussion of the data used in artiving at che bot-
tom-loss curves.

An error analysis of the semiempirical formulas
for computing propagation lossis givenin Study C,
It is shown there, on the basis of a sampling pro-
cedure, that the prediction mcthod is reliable over
the range of frequencies and ranges considered.
Some reduction in probable errot could be achieved
perhaps for the downward tefraction mode of prop-
agation by taking the magnitude of the velocity

SUMMARY REPORT OF

The Oceanographic Sucvey Unit for Cruise
TWELVE consisted of the USS 5AN PABLO (AGS

21 The summary reportof AMOS Cruise TWELVE was
prepared by LT E. C leclin, Jr.,, Hydrographic Survey
Officer at the Underwater Sound Labotatory. The opeta-
tion ordec for this cruise appeara in letter from the Hy-
drographer to ComSubL.aat, **Techaical Instructions for
AMOS Cruise TRELVE; forwarding of,' ser. 09483, 31
December 1932 (CONFIDENTIAL). The measurements
to be taken on this cruise were proposed in USL letter
to the Hydrographer, *'AMOS Cruise 12; schedule of,"’
wec, 1170-036, 14 November 1952 (CONFIDENTIAL).

12

gradient into account, but this is hardly woreth the
additional complications.

Study F compares the performance of vatdous
echo-ranging sonars from the point of view of
equipment figure of merit and range petformance,
In this paper, it is shown that the prediction meth-
od givesresults which compare favorably with épee-
ational range performance data. Studies E, F, and
G present three operational applications of Proiect
AMOS resultsto surface vessel, echo-ranging sonas
performance prediction problems. 3 Inthese studies
the expected performance of echo-ranging sonars
under various cnvironmental and operational con-
ditions is discussed.

Study H contains a very useful and interesting
approach o the problem of ray tracing and field
intensity computations. In Studies [ and ] these
methods are applied especially to the energy prop-
apated through the deep ocean by way of the SOFAR
channel to focusing regions. A more detailed appli-
cation of this theory is made to the data obtained
in connection with the Project AMO3S low-frequency
broad-band noisemaker runs. It is shown that the
quantitative features of the data can be explained
by the theary.

20 The concepts of ‘‘probability of detectioa' and
‘“lateral range curves'' are discussced in dewil In USL,
Repor: No. 147,

AMOS CRUISE TWELVE?!

30), CAPT W. D. Day (Commander Oceanographic
Survey Uait); and the USS REHOBOTH (AGS-50),
CAPT R. R. Snyder.

AMOS Cruise TWELVE was planned primarily
from the standpoint of obtaining the maximum
amount of acoustic data supported by the neces
sary oceanographic and seismic operations. The
following measurements were proposed by the L ab-
oratoty:

a. 27 Acoustic Event 1
b. 27 Acoustic Event 8A

o et i 19N NG, xSRI o st ARSI Gt iy




¢. 27 Acvustic Event 3

d. 27 Acoustic Event 6

e, 5 Special Acoustic Events

f. 2 Acousti¢ Eveat 8C

The followlng itinecary was set for this crulse:

Date
195%

Aitlval-Departuce

Place

26 January
M0 January
7 February

13 Febtuary

27 Febrvery
13 Muech

17 March

26 Match

30 March

10 Apeit

13 April

23 Apell

Deparntute
Arrival
 Departure
Arrlval
Departute
Areival
Departme
Ateival
Depacture
Arvivel
Departure
Arrival

Notfolk, Va.

New London, Conne
New Logdan, Conn.
Betmude

Permuda

Trinidad, B.V.J.
Teinldad, B.W.I
San fuan, P. R
San Juuw, P. R,
Neassaw

Nassan

Philadelphls, Pa.

The total cruise time was 88 days. Of this time 64
wefe spent at sce.

The following [. abotstory per sonnel participated
in AMOS Cruise TWELVE:

USS SAN PABLO USS REHOBOTH
Put bl st e

LT E. C. Iselin, 1.
ENS B. B. Hinlleck
Mz. H. F. Beenlee

ENS D. B. Nichole
Me. W H. Thorp

Me. L. C. Maples

e, F. G, Welgle

Me. 0. P. Dickeve
Mt, 8. F. Niedzweckl

ENS Nichols wransfetred from REHOBOTH to SAN
PABLO ln Trinidad. Ms. H. Johnson, of WHOI,
was embarked in REHOROTH during the Nosfolk-

‘to-New London and Bermuda-to-Trinidad legs.

EVENT |: FOUR-FREQUENCY TRANSMISSION-LOSS MEASUREMENTS

Twenty-two Ev?nt 1 stacions were made on

AMOS ‘Cruise TWELVE. Since the multi-element

line hydrophone was mt available, an altemate

operating procedure was developed. Bricfly stated,
pulses were transmitted while the trensducers were
raised from 500 feet to 20 fecet. Receiving trans-

ducers were stationed at 20, 30, 100, 250, and 500
fect with one usnsmitting run for each receiviog
depth. Standard ranges for Event 1 were 3000,8000,

. 12,000, 18,000, and 24,000 yards, When bathythermos

graph conditions were such that no transmissioos
wete to be expected at 24,000 yards; an additional
range of 5000 yards was taken.

EVENTS 4 AND 5: VERTICAL REVERBERATION MEASUREMENTS (12 KC) AND DEEP

No Event 4 and Evenvl S data were obtained.
As a result of heavy pounding of the SAN PABLO
during the first and s=cond leg, the AN/UGQN-1

SCATTERING LAYER MEASUREMENTS

tathometer transducer was damaged. A replacement
was installed in Beramda, but high-quslity recep-
tion was not obtainable.

EVENT 6 VERTICAL TRANSMISSION AND SCATTERING LAVER MEASUREMENTS

(8, 16, AND 24 KC)

No Event 6 data were obtained becsuse of fathe

ometer transducer difficulties on the REHOBOTH.
Atfirst these difficulties were attributed to crystal

V
g wgterll e e 2

P

s R s R R R SRR

failure, but later they were found to be caused by
beoken crystal leads.
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EVENTS 8A AND 8B: LOW-FREQUENCY PROPAGATION MEASUREMENTS

A total of 25 livent 8 type measurements were
made. Subdivided by types they were:

Fvent RA Evem R
11 with Mk 4 4 with bomba only

3 parclal tuns with Ml 4
7 tuna with bombs only

No conipletc siten rns were made. Repeated me-
chanical casualtv to the siren and pump overheat-
ing problems precluded its effcctive use on AMOS
Cruise TWELVE. One short run using the Mk 6
was made to obtain the “signature’ of the device
as a sound source.

The schedule included the six specinl eveats
described below, Detailed reports of these eveats,
complete with track charts and logs, ate being pre-
pated for distribution.

ABLE (Site 1): A combination of unsuitable weath-
er and lack of coordination between the aitcraft
and Office of Naval Research resulted in failure
to this event.

BAKER: Special Event BAKER started at 20124427
Februury, 120 miles northwest of Bermuda. During
the coutse of the circular run and the final radial
run into Bermuda, 360 bombs were fired. Except
for time out of commission, the Mk 4 was operated
intermittendy according to scheduie. The final
bomb of Phase 1 was fired ot 23053827 February.
The depth of detonation of the SOFAR shots is
doubtful. The detonators used were observed to
give erratic results and caused detonation to vary
from premature to none at all, Phase 11 started at
282015Z February. A tota! of 147 bombs were fired.
The event ended at 02063027 March.

14

CHARLIE: This event was exccuted by the sels-
mic personnel and will be reported by them, How-
ever, cutsory analysis of the data shows no evi-
dence supporting the existence of Echo Bank,
DOG: This event started at 2222042 March, One
hundred and two bombs were fired. The Mk 4 Ope'l‘
ated one hour on, one hout off. No Mk 4 casualtiea
wege expetienced. Phase | ended at 240100 Z March,
Phase [] started at 301707Z March. The two runs
(070° and 304°) were run in accordence with the
planned schedule. Sixty bombs were dropped on
each run. On the 400-mile run on bearing 007°,
260 bombs were fired. The event ended at 010043Z
April.

EASY: Special Event EASY started et 0813047
April. Y¥orty-three bombs were fired, The Mk 4 was
operated according to schedule, Phase [ ended at
0912192 April and Phase 11 started at 1322127
April. Seventy-eight bombs were fired, The Mk 4
operated without failure, The event ended at
142345Z. Upon completion of this event the signa
tuce run of the Mk 6 was made,

ABLE; (Site 2): To utilize time more economically
it was decided to abandon the site of the first
Event BC. It was planned to conduct Special Event
ABLE and Event 8C at Site 2. Event ABLE was
almost completed when heavy weather caused abane
donment of the site.

The following major material casualties and
deficiencies were noted:

a. In order to keep the Mk 4 operative, con-
tinuing maintenance wasrequired. Four diaphragms
were used,

b. 7he Mk 6 can not be towed at speeds over
5 knots, [t was not used except for the one signee
ture run.

R o




EVENTS 8A AND 8B: LOW-FREQUENCY PROPAGATION MEASUREMENTS

A total of 25 lLivent 8 type measurements were
made. Subdivided by types they were:

Fvent BA Event BR
11 with Mk 4 4 with bomba only

3 pactial runs with M4
7 tuns with bombs only

No complete siren runs wete made, Repeated me-
chanical casualty to the siten and pump ovecheat-
ing problems precluded ita effective use on AMOS
Cruise TWELVE. One short run using the Mk 6
was made w obtain the “signature’’ of the device
as a sound source,

The schedule included the six special events
described below. Detailed reports of these events,
complete with track charts and logs, are belag pre-
pared for distribution.

ABLE (Site 1): A combination of ussuitable weath-
er and lack of cootdination between the aircraft
and Office of Naval Research resulted in failure
to this event,

BAKER: Special Event BAKER started at 201244Z
February, 120 miles northwest of Bermuda. During
the course of the circular run and the final radial
run iato Bermuda, 360 bombs were fired, Except
for time out of commission, the Mk 4 was operated
intermittently accotding to schedule. The final
bomb of Phase 1 was fited ag 230538Z Febeuvary.
The depth of detonation of the SOFAR shots is
doubtful. The detonators used were observed to
give erratic results and caused detonation to vary
from prematute to none at all, Phase 11 starced at
2820152 I*:ebmary. A total of 147 bombs were fired,
The eveny ended at 020630Z March.

b

14

CHARLIT: This cvent was exccuted by the seis-
mic personnel and will be reported by them, Hows
ever, cursoty analysis of the data shows no evi
dence supporting the existence of Echo Bank,
DOG: This event started at 2222047 March. One
hundéred and two bombs were fired. The Mk 4 op!;t-
ated one hour on, one hour off. No Mk 4 casualties
wete experienced. Phase | ended at 246 1002 March.
Phase 11 started at 3017072 March. The two runs
{(070° and 304°) were run in accordance with the
planned schedule. Sixty bombs wete dropped on
each run, On the 400-mile fun on bearing 007°,
260 bomb s were fired. The event ended at 010043Z
April. '

FASY: Special Event EASY started at 0R13042
April. Forty-three bombs were fired. The Mk 4 was
operated according o schedule. Phase 1 ended at
091219Z April and Phase 1] started ac 1322122
April. Seventy-cight bomba were fired. The Mk 4
operated wiihoui faiilure, “The eveni 2nded at
142345Z. Upon completion of this event the signa-
ture run of the Mk 6 was made,

ABLE; (Site 2): To wtilize time more economically
it was decided to abandon the site of the first
Event BC. It was planned to conduct Special Event
ABLE and Event 8C at Site 2. Event ABLE was
almostcompleted whenheavy weather caused aban-
donment of the site,

The following major material casualties and
deficiencies were noted:

a, In order to keep the Ml 4 operative, con-
tinuing malntenance wasrequired. Four diaphragma
were used.

"b. The Mk 6 can not be towed at speeds over
5 knots, It was not used except for the one signa
ture un,
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STUDY A R

\
SOUND TRANSMISSION AT FREQUENCIES BETWEEN,

2 AND 25 KILOCYCLES PER SECOND!® Y
by
H. W. Marsh and M. Schulkin !

INTRODUCTION

An raalysis of AMOS tranamission data in the
2- to 2'-kc frequeacy region has been completed.
The cesults of this analysis are preseated in this

1 This report, which was issued as USL Technical
Memorsadum No. 1110-110-34, 27 August 1954(UNCLAS-
SIFIED), is & tevision of USL Technicel Memorandum
No. 1110-8-54, 14 Jacuary 1954 (UNCLASSIFIED).

A

-
=

memorandum. A compeehensive discussion of these
results, including comparison with other existing
data, and recommendations for epplications will
be given in & forthcoming L aboratory report.

METHOD OF ANALYSIS

A definite model of the ocean as a transmicting
medium has been used In canying out this analy-
sis. Reference to Fig, 1 will show chat there are

SINGLE SURFACE -
SCATTERING

Lo
MULTIPLE SURFACE
SCATTERING

e Nt

Fig. 1+ Modes of Sound Transmission
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severnl modes of propagation which determine
transmission cunditions under any given set of
citcumstances, Sometimes the different modes are
of comparable importance and must be combined in
order to estimate the net sound fleld. At cther
times the sound field ls dominated by a single
mode of transmission.

Inthe prescncanalysis an effort has been made
to study the various modes separately. This can
be donc to a gre:t degree by a proper selection of
data according to the different oceanographic fac--
tors and according to the geometry and acoustic
frequency associated with the data. Those factors
which have been determined to be of imporcance
are;

a. Diepth of isothermad {surface) layer

b. Sea state (wind force)

c, Dcepth of axis of depressed sound channel

d. Depth of ocenn bottom

e. Waler temperatute

f. Range

g. Depth of source

h. Depth of receiver

i. Acoustic frequency
By scaling nnd by certain laws of combination, it
is possible to reduce substantially the number of
parameters required to charactzrize any particular
mode. Thus, it is possible to prepare a limited s~t
of charts or tables which, together with a small
amount of computation, can be used to determine
transmission loss under any prescribed condition
lying within the framework of the analysis,

THE BASIC MODES OF TRANSMISSION

Transmission via modes associated with the
surface isothermal layer and various orders of sur-
face scattering (including negative surface gradi-
ent) may be scaled to layer depth and described in
terms of a few simple formulas, which are listed
after the dclinitions below. Source and receiver
depths may be used interchangeably in applying
these formulas, However, the conditions applyisg
to the formulas are stated oanly for Z, < Z.

The following definitions and symbols will be
used:

Basic Variables

Sutface lsuihermal Layer Depth (ft) L
Sea State §

16
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Depth of Axis of Depreased Sound

Channel (f¢) b
Depth of Ocean Bottom (fm) B
Water Temperacure (deg. F.j T
Range (kyd) R
Depth of Source (ft) zZ,
Depth of Recelver (ft) ¥ 4
Acoustic Frequency (kc) /
Relaxation Frequency (ke) Ir
Transmission Loss {db) Ne
Spreading Loss (db) { 10 log R,

20 log R (Fig. 2)

Absorption Coefficient (db/kyd) a (Fig.3)
Scattering Coefficient (db/kyd) e, (Fig. 9
Fitst Depth-Loas Factoe G (Fig. %
Second Depth-Loss Factor H (Fig.6)
Bottom Loss (db) Np (Fig.7)

Scaled Yarlables

r -R/ﬁo
’o"ﬁ:/\/-‘:
x “ﬁ/ﬂo
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A
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z 2] A+
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1
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v
«20|
A
] 60 100
RANGE N KYD

Fig. 2+ Spreading Loss (db)
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The propag.tion-loss formulas for the varicus
modes of propagation are the following:

Direct Radiation Zone (Zone 1), 0 <r <1,

When hoth ends of the transmission path lle
within or at the bottom of the surface layer, the
following formuta applies:

Ny =20 10g R + aR +G(z—z.);’;-+60.(l)

At all other times use the smaller of the two
teansmission losses computed by Formula (1) and
the following:

Ny = 20 log R + aR

V3
+25-VIZ =L ~V1Z, L] + 5R]({s~)
+60. 2

The quantity within the parentheses, multiplying

the frequency term, is taken as zero when it is not
. positive,

Zone of First-Order Surface Reflection
ond Shadow Zone (Zone i1)

Two propagution modes occur in Zone 11:

Energy has been reflected at least once at the
surface, The area coveredis z, < 1,7 <r<rp + 4.
Thea,

Ne=2010og R +aR + 2(r—ry )l (x, z5)
+ =20l Gtz ~2;) + 60, 3
The shadow zone beyond the limiting ray is
delineated by

Zozl,zx 1, <r<n +Y%.

For Zone 11 use Formula(3) or Formula(2), which-
ever yiclds the smaller propagation loss,

Zone of Second- or Higher-Order
Surfoce Reflection (Zone I1I)

Energy has been reflected atleast twice at the
surlace. It coversthe arca z, £ 1, £y + % < r. Then,

18

Ny =10 log R+ (a+a, )k + H(x, x,)
~dagJL(ry +4)
+ 10 log [V () +%)) + 60, 4

The shadow zone beyond the ilmiting eay ls
delineated by

zo2hLx2 1, +%<r,

For Zone 111 use Formula (4) or Formula(2), which-
ever yields the smaller propagation loss.

Transmission Via Depressed
Sound Channel

For this mode, the depths of the source and
the ceceiver are referred to the axis of the chane
acl as the origin, and the chantel half-width,
equivalent to the layer depth of a surface isother
mal layer, is taken to be one-half the depth of ¢he
axis, Thus, .

FREE

Ny =20 log R + aR

+u(y/2T7;‘"' ;/T'Z;"”')mo. Ty

Transmission Via Bottom Reflection

Transmission takes place by one bottom re-
flection;

Ny=20log R+aR +Ng + 60, (6

whete R is the slant range from the source to the
bottom to the ceceiver for specular teflection and
Np is the bottom loss for the grazing angle at the
point of reflection and is given in Fig. 7,

ANALYSIS OF DISPERSIONS

The probable errors of the propagation loss
estimated by this method are given below:

e g v
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Probable tetoen of Propapation-Losn Predictions (AMOS) { tdb)

Itequeacy (kc) 2 8 16 23

Mode of Trananinglon

{Fotawias 2 end %) 6% 3 63 9
Mode of Transwmlaslon

{Formulas 1, 3, snd 4) 4 3 A3 S
Reclprocal Difference 33 23 LY %O

These errors cesult pactly from the inadequacies
of the method, from basic fluctuations which can
not be predicted, and from ercors of measurement,
In order to estimate the fluctuctions, a study has
been made of the sound fields measured undee
identical conditions but with the source and the
teceiver interchanged, The difference between the
two mcasurements is refetred to as a reciprocal
diffecence. Except for that mode of transmission
associated with Formulas (2) and (5), the eror of
estimatioa is approximately 1-1/2 db greater than
the mean reciptocal difference. The probable er

tors associated with the bottom reflection data
(Fig. 7) are given in Flg. 8.

] T

)4

e

FREQUENCY IN KC

Fig. 8 - Proboble Error in Bottom Losa ve. Frequency

ASSOCIATED COMPUTATIONAL FACTORS FOR PROPAGATION LOSS

In order to compute the individual terms of the
ptopagation modes, the following formulas are re-
quired;

Absorption Coefficient (db/kyd)
(see Fig. 3)
2
g Al B ™
Y

where

A = 0165!. B= 0'0269'
fr =123 x 108 ~[2100/(r + 459.6)]

« 1.23 x 10% x e—4830/(T +459.6)

and then
A/B = 24.2; [59 = 93.
For low frequencies,

o~ 0:678 I .
fr

and

do ~ 0.0073 /2 foc T = S0° F.

Scattering Attenuation Coeflicient
(db/kyd) (sew Fig. 4)

/2
. -4.5({) ,§<3

AV2
"9("‘[) 0523-

First Dopih-Loss Factor (db)
(sew Fig. 5)

Gz~ zp) = 0.1 x 02821/ 25V (x - x)< 1
=20 (/29 (x =z )2 1.

Second Depth-L.oss Factor (db)
(computed from Fig. 6)

Bz 50) = F(z = 55) + F(x) 4 F(xg)]

where
N\
F(z) = 0.4 x 10'(5) o 128;

=0,4x10% /<8.

19-20

T 5 10 50




STUDY B

CONTOURS OF TRANSMISSION LOSS FOR
STANDARD CONDITIONS AND CORRECTION CHARTS'

by

M. R, Powers, K, R. Dickson, and L. P. Onyx

INTRODUCTION

Contours of standard transmission loss, N,
have been plotted for ten frequencies and three
projecror depths, for a standacd temperature (59° F.)
and a standard layer depth (100 feet). Correction
charts have been plotted for eack frequency for the
correction required because of changes in layer
depth, tempceratuce, and sea state, Values of the
absorption coefficient, a4, for various temperatures
are also included. The corrections are to be added
to the standard transmission loss. The loss con-
tours and correction chatts for each frequency have
been grouped together for ready reference,

"‘METHOD OF COMPUTATION

The values of the transmission.loss first were
computed from Formulas (1), (3), and (4) of Study
A. In all the computations a layer depth of 100
feet, a temperature of 50° F., and a sea state of
less *than 3 were assumed. Computations were
made for projector depths of 20, 50, and 100 feet,
for frequencies of 2, 10, and 25 ke.? For each
projector depth and frequency, the standard trans-
mission loss was computed at sevenreceiver depths
and eight ranges, These values were used to plot
‘contours of constant loss, Examples of such con.
tours are given in Figs. 1A through 1C, 3A through
3C, and 5A through SC.

A plot of transmission loss for Formula (2) of
Study A was also made for each frequency. The

UThis report, together with a complete set of work-
ing charts, appeared originally as USL Technical Mem-
orandum No. 1110-1G1-54, L7 August 1934 (UNCLAS-
SIFIED).

? The original computations were made at additional
ficquencies of 1, 5, 8, 12, 14, 20, and 31 kc. llowever,
the computations for the 1-kc frequency are extrapolated
from data at higher frequencies and thus are to be con-
sidered as estimates only.

loss was computed as a function of %, where

L =VIZ=L] +VIZo -1].

The curves were plotted for constant range, R, be
tween 0.5 and 25 kyd, for values of ¥, from 0 to
140, These curves should be used when they give
a smaller loss value than the value computed from
Formulas (1), (3), and (4) of Study A but can not
be used when both the projector and the receiver
ate above the iayer. Examples of these computas
tions are given ia Figs. 1D, 3D, and 5D.

The layer-depth comection was computed from
the formula;

L Yrm
Ay =10 log — ~aR|— ~1
L °3L° o(\/—E )v

where
'L = layer depth (ft),
L, = standard layer depth = 100 ft,

a, = absorption coefficient (db/kyd) at
T = 50° Fq and

R =range (kyd).

This formula was evaluated. for twelve values of
L between 9 and 1024 feet. Curves were plotted
for A; versus R, for constant L. The contours
of constant A, (see Figs. 2, 4, and 6) were
plotted by interpolating in these curves. This cor
rection applies to Formulas (1), (3), and (4) of
Seudy A. :

In order to find the transmission loss for a
given R, Z, and Z,, for a layer depch different
from 100 ft, it is necessary to find the values of
the scaled variables r, z, and z, by using the ac-
tual layer depth. The standard loss contours are
eatered with 1, z, and z,, and the vaiue of N, is
read. The correction term is found from the layer
correction contouts, where these curves are entered
with R and L.
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The tempetature correction contours were plotted
in a manner eimilac to that used for che layer cor-
tection:

AT ﬂdoR(-af— - l).

c

where

a is evaluated at temperature = T° F,,

a, Is evaluated at standard temperature
= 50° F., and

R s cange (kyd).

The formula was evaluated for six values of T
between 30° and 90°, and the curves were plotted
fot Ay versus R at a constant T. The contours of
constant Ap (see Figs. 7A, 7B, and 7C) were
plotted by interpolating in these curves. This cor
tection applies to all propagation zones.

It should not be ssrumed that interpolation in
these correction charee will be accurate for an lns
terval smaller than one-half the interval between
contours, If greater gzccuiacy is desired, the cor-
rection values should be found from the formulaa
or from graphs for constant L or T. This is particu-
farly true for ranges of less than one kiloyard,

The sea-state corraction

Ay n 45V r~(2 + )

has beea plotted for each frequency (Fig. 8). This
is applicable only for the ranges r > ry + !4, for
which Formu'a{4) of Study A applies. These ranges
may be determined by using Fig. 9 for the three
values of projector depth (2, = 0,45, 0.71, 1,00,
or Z, = 20, 50, 100 feet).

Figuce 10 gives the values of a, for frequen-
cies from 1 to 10,000 ke, at T =~ 50° F. The values
of ¢ = a/a, are plotted for temperatures from 25°
to 80° F, and for frequencies from 1 to 10,000 ke
{Fig. 11).




STUDY C
ERROR STUDY OF AMOS PROPAGATION-LOSS ANALYSIS

by

W. H. Thorp

An Inveatigation was mude of the magnitude of
erroty to be expected from the use of che analyti-
cal formulas glvea in Study A of this teport for the
estimation of propagation loss. This was done by
working with & representative sample of the eatire
date file. This sample was obtained by selecting
at random & single IBM card o represent each
of the North Adantic deep-water stations which
were occupied between 1949 and 1953, Each ceed
su selected contalned the measured values of prop-
agation loss for one ot more of the {our discrete
acoustic frequencies (2,2, B,’ 16, and 25 kc) for a
given range and projectorreceiver depth pair
These detr are listed in Table 1.

The mode of propagation which appiled to each
particular statlon card was deiermiaed from a’'con-
sideration of the pertinent parameters as indicated
in Study A. The corresponding values of propaga-
tion loes ware then computed from the formulas of
Study A. It should be noted that more than one prop-
sgation mode may apply under the transmission
conditions; therefore, calcuvlations using each ap-
plicable formula must be made and the resule which
indicates the least loss must be chosen. This, in
effect, increases the numerical effort required by
about 50%

In Table 2 ace presented the probable etrors of
the prediction method obtained by subtracting the

computed values of propagationloss from the meae-
ured values for the indicated propagation modes for
the 149 stacions of Tabic 1. Forthe remalning ninv
stations, the prevalling propagation mode sppeared
to be by way of the ocean bottom.

The magnitude of the probable errors reflects
some of the time variability of the ocean itself as
a propagation medium. This effect was estimated
in this study by considering the reciprecal nature
of propagation over the same path with transmitting
and receiving positions interchanged within a per-
od of from 15 to 20 minutes for moat of the stations
in Table 1. The reciprocal differeaces referred to
in Table 2 are the differences in messured prop-
agation loss over the sume pach, but with receiver
and projectoc positions interchanged. It may be
seen that a sizable partof the probable etror of eo-
timation arises from the time variabllity introduced
by the ocean. These errurs appear 1o be independ-
eat of range over the ranges of the AMOS experl-
ments (1 to 25 kyd). '

It may be seen cthat the probable ercors for the
downward refraction mode of propagation appear to
be larger than those associated with surface chan-
ael propagation. The errors assoclated with prop-
agation by way of the bottom are treated separately
in Study D.
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Table 2

PROBABLE ERRORS OF
PROP AGATION-LOSS PREDICTIONS

(AMOS) (2db)
2.2kec {8 %c]16 ke
Mode of Transmisslon
~ (Formulas 2 and 3, Study A) 6% [S0] 65| 90
Mode of Teaasmission
(Formulas I, 3, and 4, Study A) 40 |30} 43| S0
Reclprocal Diffetences 3.5 25! L8| %0
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STUDY D

TRANSMISSION BY WAY OF THE BOTYOM

by

M. Schulkin and W. H. Therp

INTRODUCTION

The deep-water bottom-reflection data avail-
nble as of Jaauary 1954 have been assembled in a
form which is suitable for use in sonar range pre-
dictions. No attempt is made to explain the date;
rather, the data are described in terms of a model.
‘The model used is that of propagation by way of
the specular path, including an empirical loss at
the bottom, At grazing angles approaching 0°, the
behavior of the Rayleigh reflection coefficient is
assumed. At perpendicular incidence, scattering
coefficients deduced from AMOS vertical sounding
measurcments at 2, 8, and 34 kc were used.

The most extensive sources of bottom-ceflec-
tion data in deep water for the 2~ to 25-kc fie-
quency range are AMOS Cruises NINE, ELEVEN,
and TWELVE. Cruises NINE and ELEVEN were
notable for thele shallow surface sound channels
and low, direct acoustic fields at short ranges. As
continuous-wave sources were used on these two
crulses, the sound energy could arrive by various
paths, and some discretion had to be used in se-
lecting data which arrived by way of the bottom,
For this purpose, the depth of the isothermal layer,
the decrease of the propagation-loss anomaly with
range, the constancy of the field with depth, the
magnitude of the propagation loss, andthe acoustic
frequency were all considered, On Cruise TWELVE
pulses were used with the resule chac it was fairly
easy (o distinguish energy coming via the bottom.
Propagation conditions were generally good during
this cruise, however, and because only those sig-
pals which were less than 40 db below the direct
signal could be detected, data were limited to &
few stations.

All the AMOS data were assembled into median
values, and the bouwom loss was plotced against
the bottom grazing angle in S-degree intervals and
out ta 35 degrees as shown in Fig. 1. The geomet-

rical path wes used together with che temperatures
dependent absorption coefficlencs presented in
Study A in reducing the propsgsgion-loss values w
“*bottom loss.'’

In order to carry the bottom-ceflection analysis
down in frequency, underwatet siren runs from
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Flg. 1+ Bottom-Loss Data from AMOS Crulses NINE,
© ELEVEN, ond TWELVE

AMOS Cruises ELEVEN and TWELVE were used,
Data were considered in frequency bands centered
about 1 kc, 2 ke, and 8 kc. Here again judgment
had to be exercised in distnguishing boitom re-
flections, since the source emitted coatinuously,
Bottom-reflection data, obtained by the Naval Elec-
tronics L.aboratory during 1950 and 1951, were
also available for discrete source runs at 500 cps
and 1000 cps.® The medians for the siren and NEL
runs are shown in Fig. 2. The number of ruas going
into these medians are as follows:

19%ese runs are described by T. P. Condron and
R. W, Schillereff in **Long Range Sound Transmission
with & Shallow Towed Sourtce at 500 and 1300-cps
Frequeacy,’ NEL Report 323, 16 October 1952 (UN-
CLASSIFIED),
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Fig. 2 - Bottom-Loss Dota from NEL Discrete Source
_ and USL Siren

& AMOS Underwater Siren--$ runs at 1 kc, 4
tuas ¢t 2 ke, 3 runs at 8 ke.

b. NEL Discrete Source-—4 cuns at 1 kc and 6
runs at 500 cps.

Finally, bottomereflection data? obtained by
the Woods Hole Oceanographic Institution at fre-
quencies below 1 ke through bomb drops wete de-
rived for multiple-hop levels for energy lying be-
tween the limiting ray and the critical nngle. ln
working out the data, all possible differences in
level were used from the WHOL plota of level ver-
sus R/N, where R is the range and N is the otder
of reflection. Values of N from 1 0 9 were used
The median values of the resulting data are plotted
in Fig. 3.

These three sets of data were studied for fre-
quency dependence by plotting median bottom-re~
flection loss against frequency for the oveclapping
gtazing angle intervals, 10° v 30°, 20® w0 40°,
and 30° to 50°. The results are shownin Figs. 44,
4B, and 4C. In drawing smooth curves through the
points, the AMOS data were given the greatest
weight whenever a question arose. The sowce of
the data is indicated by a letter W for WHOI, N for
NEL, § for Siren (AMOS), and A for AMOS.

Plots of bottom loss versus grazing angle then
were made, stacting at 125 cps and progressing in
octave steps. These are preseated in Fig. 5- A

2gee C. B. Officer sad ). B. Heroey, “Sound Trane=
misslon from Deep 1o Shallow Water,’ WHOI Ref, 5332,
August 1953 (CONFIDENTIAL).
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Fig. 3 - Bottom-Loss Data from WHOI Bomb Drops

plot was also made at 25 kc for convenicace, The
points at 90° (vertical incidence) wetc obtalned
from a previous analysis? of the AMOS vertical
tevechberacion and bottomereflection experiments.

The pulse-length dependence shown in the study.

indicates stendency toward a leveling off at lower
bottom-loss values with greater pulse lengths. The

* pulse data of AMOS Cruise TWELVE also shows »

tendency toward lower levels for shorter pulses
({.¢., 1/2 sec as compared with 1 sec).

Probable errors of the points about the curves
in Figs. 4A, 4B, and 4C were computed and com-
bined with the probable errors of the plots ia Figs.
1, 2, and 3 in order to obtain the over-all probable-
error curve versus (requency shown In Fig. 6. Fl
nally, a plot of transmission loss versus hori zontal
tange is presented in Fig. 7 for an average water
depth of 2000 fathoms and average water tempera-
ture of 38° F. for the four frequencies indicated.

THEORETICAL COMPUTATIONS

Theoretical computations oa the basis of two
simple models were made in order w0 observe some
dependencies of tefleccion coefficient on bottom
property and bottom structure. In one case cone
sider plane acoustic waves in one infinite, homo-

3 5ee D. L. Cole, J. F. Keliy, sad A, W. Daatuoso,
*Verticel Reverberstion ead Bottom Strength Measures
weats - Eveat SIX « Project AMOS,” USL Techalical
Memorandum No. 1110-014-33, 15 May 1953 (CONFI-
DENTIAL).
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Fig. 5 - Botiom Loss vs. Grazing Angle
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geneous, fluid medium (sea water) impinging on
the surface of separation for a second infinite, ho-
mogeneous, fluid medium (the botcom). Inthe second
case consider that the bottom is composed of an
absotbing fluid overlying a hard, perfectly reflect-
ing sucface.

In the first case the Rayleigh formula for the
energy reflection coefficient is:

2
{ sin 0, - V1 = cos?f, (cy/cy)?

Rg = ' (1)

¢sin 6, + VT =cos2(c3/c))?

-« S

where

8, = grazing angle with bottom and
¢ =paca/prer.

Here, ¢ is complex and c; is the speed of sound
in sca water; then

c3 = |ca]| (cos ¢ — i sin ¢) = |c4] Pl

In Fig. 8, the reflection coefficient is plotted
against the grazing angle for a number of phase
angles, ¢, for the sound speed in the botcom, For
the purposes of calculation, typical density ratlos
of pa/py = 1.3 and for |{| = 1.555 were used. The
main teatures of these curves arc thac (1) when the
phase angle ¢ is close to zero, thete is a critical
ungle of about 34° for which there is total re-
flection for all grazing angles up to this value; (2)
for grazing angles of 5° and 10° the reflection co-
efficicat decreases continuously in the "‘region of
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Fig. 9 - Rayleigh Theoretical Hottom L.oss vs. Grazing Angle (Phase Angle constant)

total reflection,”’ f.e., there is no region of total
‘teflection; and (3) as the phase angle increases
from 30° to 90° the reflection coefficient improves
steadily and the grazing angle dependence for each
phase angle is continuous.

In Fig. 9, the phase angle is kept fixed at 10°,
and the variation of reflection coefficient with
sound speed ratio is computed for different density
tatios. It may be seen that the better matched the
twe media are, the poorer is the reflection coeffi-
cient. The purpose of computing these curves is
to find the actual magnicudes involved, It may be
seen that the previous model does not show the
main features of the observed reflection coeffi-
cient duta cxcept at very low frequencies.

At the higher frequencies, there is an increase
in reflection coefficient nt greater geazing angles
that nceds explaining. The shape of the reflection
coelficient curves ut higher frequencies may be
accounted for in various ways, For cxample, it
may srise from a predominant specular reflection
at small grazing angles and a predominan: scat-
tering effcce ac high grazing angles. Another pos-
sibility iy that in the deep ocean a sound absorb-
ing sediment layer oveclies a harder, pesfectiy ree

flecting sediment which will accentuate the behavior
above a certain frequency. There is some reason
to believe that this last model hus some physical
justification from studies of deep sea sediments,*

If a plane wave is incident on a bottom com-
posed of a sound absotbing layer of thickness, D,
overlying a hard, infinite medium, then it can be
shown that the amplitude reflection coefficient is
given by:

Ry =

¢ sin 6y + (V1 -{ca/¢;)2 cos? §;)i tan (wD sin8y/ca)

..

6]

where

sin @3 = /1 ={c3/cy)? cos? 6,

4See Table 121, p. 1039, of The Oceans by H. U.
Sverdtup, M, W, Jahasoa, and K. H. ¥lewing, Preatice-
Hall, Inc,, 1942,
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Fig. 11« Computed Bottom Loss vs. Bottom Grazing Angle

quencies the simple, two-{luid model computations
in Fig. 8 look like the measured curves in Fig. 5.
The computations are merely meant to be sugges
tive of possibilitics rather than to be applicable
to the data.
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STUDY H
THE USc OF RAY METHODS AND FIRST-ORDER DIFFRACTION CORRECTIONS'

H. W. Marsh, Je

INTRODUCTION

In many wave problems, ray methods are con-
venien: end accurate, Exact in the limit of high
frequency, and employing simple formulas, these
methods lose utitity at low frequencies or because
of inadequate aunerical schemes for intespreiing
them. We shall give correction teems which peemic
an extersion of ray methods to lower frequencies
(and ar the same time provide an estimation of the
validity of the high-frequency limit), and wlso set
forcth some uscful formulas and numerical schemes
for ray tracing and the quantitative evaluation of
tefraction (sprending) and interference.?

FORMULATION OF
THE RAY AND WAVE THEORIES

Throughout we consider an inhomogencous
medium 2 which the phase velocity varies in one
direction only. With tespect to a given Carcesian
frame, let ¢, be the phase velocity at the origin
and ¢ that at other points, Take ¢ to be independ-
eat of x, v 2o that ¢ = c(z). Defiae the index of
cefraction to be

n=c/cy n

For waves of angalar frequency w, the wave
number at the origin is &, (= @/c,), and the wave
number at any point is

k=wfc=hkyin. (2

iThis study appcared originally as USL Techaical

Memorandum No. 1100-61-54, 27 September 1954 (UN-
CLASSIFIED).

1pare of thia materis) was considered by Nomien
A, Haskill in *Diffraction Effects In the Propagation
ol Con'preasional Waves wa the Atmosphere,’t Geophys-
ical Rescarch Paper No, b

Ve shall characterize a field point P by its
Cartesian coordinate (x, y, %), or its cylindrical
coordinuces fr, 8, z), or its polar coordinates
{R, 8, B). Our interest will be devoted to cases of
symmmectry about the z axis, [n such cases, the
wave poteatinl (of simply harmonic waves) can be
expressed? in terms of cylindrical waves:

o
é = k(:/ !7(ru)¢.u°| ur - Viw, o)l du

.3

o kg f Frwe ¥ du | ()

-]

Feom the cay polat of view, energy tavels
through the medium along paths described by the
cquation

dr/dz =n cos 8,/\/ 1 _w? cos? 6o . (€)

Here 6, is the inclinadion of the ray ae the odgin.
Then, if § is the inclination at any poiat on this
ray, Sacll’s law is

cos @ =n cos 6, (5

Combining Equatioas {4) and (5), we may write

v -—.f::ot 04, (6

o

Thie travel time along this ray is

l=f( sinh d{, M

0

which may also be written

3Fr) in sedated to the rzeroth ordct Besvel funce
tion by Flru) - { (re}e'*o¥" whilv ¢ AoV 14 « nac-dimeo
dional wive function, smislying
{(d?7dz?) 1 &4 - k: wilea¥ 20,
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eot = v cos 0, -|-f(sin o/mde. (8

We iy intepret the progressive divergence
of a ray bundle as a cortesponding spreading of
wave encrgy. Thas, for n simple source behaving
like e'‘*oR/R aear the origin, we have from this
pointof view

' = = (m tan 0) dr/d0, (€))

as the catio of wave inteasity st unit distance
from the origin to the intensity at other poiats on
the ray.

ASYMPTOTIC DEVELOPMENT
OF THE WAVE FIELD

Equatinn (9) will break down when ri/l is
small. In order to investigate this simatior, we
may appeal to an asymprotic development of Equa-
tion (3). It is assumed that F(ra) is but slowly
varying. Considering an extension of the method
of swuationary phase, wtite

i) =k ur = v (u, 2))
=, + (0 —ny) 9[1; +(w—u,)? \l’.”/z

asr

PRI TR (10)

as the Taylo: sevies for /() about the poiat «,.
Then

\l’, =Rougl ~ AeVos
'/’; = kor - ho": '

¢o = ko":.-

U kg (n

The stationary point &, is the soludton of the
equation 011; =0 . Therelore,

r=v,. (12)

66

Equation (12) Is simply the equation of that
tay for which ¥ = cos @, Now in Equations (11),
r and x are fixed, If we write ¢r” for dr/d cos O,
where r satisfies (12) and x is held constant, we
then have

'/’,, =t ,

'l’, =0,

”

v

L4

e

.
-kt ,

ke’ (13)

Here ¢ /o turns out to be the travel time
along the ray in question, and the *‘ray intensity,”
Eq. (9), ia simply related to the cate of change of
this time.

According to the method of stationary phase,
we can now write

&~ hoe '@t B (r cos 0,)
xf.«n.m[-’.u P2 e P (14)

The path of integration in Eq. (14) is to pass
through the point & = 0 and is to terminate at in-
finiey in such a mznnerthat the integral converges
absolutely for general values of k,r” and Aor™. We
shall presume that both these quantities have 2
small non-negative argument, with resules for other
values following by analytic contiauatioas.

An sppropriate path of integration is [, as
illustrated in Fig. 1.

[
Q<A LT/
\ o<B < Wy
.

Fig. 1« Path of integration, "

R
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By a linear transformation of the variable of
lncegradon w, and an appent to Cauchy's theorem,
we get

&~ (U hot’ Y2 R P(r cos 0,)

o o MWt 4 1/6~ a5 /30%%)

x [.mﬂ-v’/! dy , (15)
whete
wa TV IV ) s )Y, 16

and [’ ls as indicated in Fig. 2. The conwur ia
Fig. 3 is equivalent © the conwur in Fig. 2. By
considering the conwur in Fig. 3 and teferring o
the appropriate tables,® it is found that

I'/.-

Fig. 2 - Tronsformed Path of Integration, r

Y- -]

Fig. 3 - Equivalent Contour for Path of Integration, r’

4 Tablea of the Modified Hanke! Functions of Osder
Oae-Thicd, Computations Laboratory, ifarvacd Uslver
lh,o

B~ (Vhgt”)" kP (r con 0,)

»9 '
x @B/t —a 130"

x(n/128) by {ho/DV3 %Y, (1)
Foc lacge &, this in aaymptotically
&~ Y2/ YV P(r cos 0,) (2mi) Y €44, (18)

which is equivalent to Eq. (9), &.¢.. In the optical
limi¢ (A,+ =), This method of stationary phase re-
ducea to the geometrical, ot tay, approximation,
Let ¢ denote this limiting form of ¢, Then we
may write ia general

. 3, wd
R At LE IRV PP

$=b,
2V33¥s hyr*) ¥
x by Lo/ )Y #7300y, (19
or writing
amkor’ /2%, (20)
and
$=d¢,](al, (21
we huve

{ (a) - eX2ar3=swninaV Ve
x w2 a¥® 5, La¥i). (22

Fot a + =, implying bigh frequencies, [(a} » L
Conversely, for a + 0, implying low frequeacies,
or near caustic lines,

Jla) » 2r¥3 (M13 G V64220 poysyy (29

and taking into account Eq. (9}, & i shis llmic is
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$= 2V6 12 aiftay g 1'2/3)
V6 sey 1 . V2
x (ke 70e*) " V(sin Go/m tan @) ° . (24)

A graph of j(a) is given in Fig. 4. It is to be
noted that } is indiffcreat to the sign of r* and
that the conjugate value of J is to be employed
when r’is negative,

A SIMPLE METHOD
OF PREDICTING INTERFERENCE

The exact travel time along a single ray is
seldom important. On the other hand, the differ-
ence of travel tincs ajong intersecting, and hence
iaterfering, rays is cfien of interest. A significanc
feature of this intecference is its change with dis-
tance. For cxample, the spacing between intecler-
ence pulls is n mrst cniightening featute of the
pattern.

Refering to o, (B), we have for conswuant z,

dt/dr = (dt/d cun 0y a cos U,/ de

68

= 1/c, [(dr/d cos 0,) cos 0, ¢

+ful cos @ (d6/d cos 8,) dz)

o

x d cos 0,/dr
= cos 0,/¢c,, . (25)

where we have also used Eqs. (5) and (6}, We then
have

d%t/dr? = - (sin 0o/ co) d0,/dr

=m sin 0, tan 81/c, . (26)

Now, except near focusing regions, f ~ "3, so that

d%1/dr? will nommally be nepligibly small, Thus,
if At is the difference of tavel times between rays
with source inclinations 0,, 05, the change in At
over a change Ar in distance will be nearly

(Ar/co)lcos 0, - con 0] {27)

i e+ it 8 et e
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Therefore, the spacing hetween polats of similar
intetference characteristics is nearly

(2rco)/w {cos @, - cos 6.) . (28)

This approximation is valid when  ~ ¢"? and when
r >> Ar. Its great utility comes from the fact that
only the ray inclinations at the source need be
known.

In cases where &, and @, are neacly the same,
At itself can be found simply, Consider the situa.

20

2+2,

|
{
I
|
|
|
le—

Fig. 5+ Two Ray Paths for Computation of Travsl-Time
Diffsrence

tion illuserated in Fig. 5. The uavel time differ
ence, using Eq. (8), is

e
Ai = ry cos Og/cq + (2/c,)f(aln 87n) d¢

+ (l/c,)fl(‘sln 07n) d{
—(l/c,,)fzsin 0/n) d{ + (r ~ry) cos 0;,/1:,,

-rcos 0,/cqy. (29)

The first two terms tepresent the travel time ¢4 of
the primed ray in the medium above the source,
The temainder of At is the difference in time for
two rays of iuclination @, 0 traversing the same
medium, t¢ distances r and r ~r;, respectively.
This remainder is nearly

(d1/d0g) (6o — 05) ,

and the angular diffcrence 6, ~ 05 is nearly

(d0,/de) ¢y .

Hence,

At~y v (ry/co) dt/dr =ty -+ 7y cos 0,/co. (30)

Equation (30) is useful when 6, ~ 6, is small,
When this is true, r; can be computed using &, in
licu of 0, s0 that the actual angle 0; need never
entee into the calculation. If greater accuracy is
required, Eq. (30) can easily be extended to
higher-order terms, which will involve, for example,
the tay intenaicy and its rates of change. There-
fore, the wacing of the basic tay, together with
its first and second space or angular derivatives,
will usually yield complete practica! information
on refraction (spreading), diffrection, and intetfer
ence.

STRATIFIED MEDIA~SPECIAL CASES

In creating a problem involving an arbitrary in-
dex of refraction, it is usual to divide the medium
up into strata, in coch of which n veries in a sim-
ple manner. Ray tracing then consists of apply-
ing formulas to get the increments of distaace,
travel time, and intensity in each swatum, and
proper combination of these to yield the propesties
of the entire ray. Thus, let z; be the thickaess of
the ith stratum, ry and 45, the increments of dis
ance and travel time in the stratum, and 8, the
angle at which the ray eaters. Thea

r ==2f,,

t =%,
1"t = (r sin /cos 0,) 3. (dri/dO,) .

Table 1 below gives formulas which apply to
several forms of vaciation of a. In the table, ¢, is

the velocity at the point of entiy of the ray, and
ny is /¢y
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Teble 1
FORMULAS APPLICABLE TO YARIOUS RAY SHAPES
" "y 4y Geometrical
Form of Ray
1+ge 2 cot (G, + 0)72) ) (Ve Moian't can O ~ sinv"d 1an @) Circle
v /1=(g D= ! & amy ein{0y~6) (17¢ry con O) =4 aind 0738 + 4 ain? Oy3g) | Parebele
RV 1Y) (con O ain} (gyxy/atn 8) | (r/2cs cos G2 4 cos? B + 2 win B 2cmy Sine Curve

TABLES FOR RAY DIAGRAMS

A sctof canle s, which areuseful in tracing rays
through suatified media, in which the separate
strata have constant velocity gradients, has been
prepared on 13M equipment, These tables provide
travel cime, distance, and intensity increments,
Entry into the tables is accomplished through the
ungle 0, of entry of the ray and the index of re-
feaction 7. Divided differences are provided. Lin-
ear interpolation, using these diffcrences, will
glve sufficient accuracy for most purposes. The
tables cover the ranges for 0, in degrees,

1{0.1) 2
0, = { 2[0.2]5 x10®, m=-1,0, 1
s{0.5] 10

» = 1,00002 [0.00002) 1.002
1.002 [0.002] 1.01
1.01 [0.01] 1.1
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to give the following tabulated quantities;

0y :cos 8y =ncosd,
p :cot (0, + 6,)/2)
T :(stah’! can 0, - sinh™! can 0,)/(n - 1)

8 :p/8inf, sin g, .

Using these, and the notadon of the preceding
section, we have

r =2pixg,
t =(Vc,) Tz,
I'! «(sin 0.sin 0o¢/con? 0,) Tx:3; .

Thesetables ate avallable atthe Laboratory elther
in tabulaced form or on 1BM creds.
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STUDY |
AMOS LOW-FREQUENCY DATA-ANALYSIS METHODS!

by
T. P. Condron and J. F. Kelly

AMOS LOW.FREQUENCY
DATA-ANALYSIS METHODS

INTRODUCTICN

One of the objectives of the AMOS low-fre-
quency acoustic measurements is the determina-
tion of attenuation values In the frequency range
from apptoximately 100 to 8000 cycles per second
as a function of the mode of propagation. In pur-
suit of this objective, a total of 28 low-frequency
acoustic stations were included during AMOS
Crulses ELEVEN and TWELVE. The objectives
of this report are to discuss a scmiautematic anal-
ysis system which was develeped at the Under-
water Sound Lgboratory in otder to process the
data from these atations and to present sample
plots which were made by the system and which
point up one of the more important modes of prop-
agation.

The data to bz processed are in the form of
broad-band dual-chanuel magnetic-tape recordings
made at sca by the listening AMOS ship while the
transmitting ship operated an underwater siren o7
Mk 4(v) bawmeshox and opened range to 80 kilo-
vards, Each tape-recorder channel recorded the outs
put of a hydrophone suspended at a depth of either
50 or 500 feet continually while the range was
being opened.

3 This study sppeared osiginally as USL Reacarch
Report No, 219, 25 Jaouaty 1934 (UNCLASSIFIED).

METHOD OF ANALYSIS

A block diagram of the analysis system appears
in Fig. 1. The purpose of the sys:em is to resolve
the broad-bnad signal inte 10 narrow bands and to
produce a plot of sound-pressure level as a funce
tion of the fogarithm of the renge for each band.
In opetation, the signel is fed from the magnetic
tape to ten filters and thea is averaged for three
seconds in the rectifier averagete. ‘The averaged
output of cach filter is then fed to one position of
a Bell Telephone stepping switch, which is driven
at such a rate that a given filter output is sampled
once every 30 seconds. This is equivalent to a
range increment of 150 to 250 yards, depending
apon the speed of the tcansmitting ship, The sige
nal for each filteris then fed to a Western Electric
4A Graphic Level Recorder, where a photoelectric
reading head attached to the tecorder shaft con-
verts the voltages to a discrete number of pulses,
which are fed to a binury counter and finally to an
1BM Summary Funch, Thus, the averaged output of
each filter is punched into an IBM card as the
stepping switch rotates. After the cards are proce
essed, they arc fed o ao X-Y Plotter, and the cnd
result is a plot of scund-pressuare level in decibels
relative to one dyne per centimeier squared as o
functicn of the logacithm of the range for each of
the ten frequency bands. Mosy of the 28 scations
taken to date have been processed by the syscem.
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TEN
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Flg. 1 - Block Dingrom of Broad-Bond Analysis System

RESULTS OF ANALYSIS

In ocder to indicate some of the general results
of the analysis made to date, propagstion curves
for theee stations made at fairly widely separated
Jlocations in the North Atlantic Ocean will be pre-
sented. The mode of propagation best emphasized
hy these curves is that responsible for the focl

SOUND VELOCITY IN FT/SEC
4800 4900

OEPTH IN FEET
]

\

,_ \

Flg. 2A -+ Sound-Velocity~Daepth Profile

which occus at 70-kiloyard intervals in the southe
ern portions of the Notth Adantic and Pacific
Occans and at shorter ranges at more notthetly
latitudes. The curves arc presented primarily to
show the variation of range to the focus with geo-
graphical locatjon and the variation in sigoal in-
creasz at the focus with frequency.

In Fig. 2 are shown the sound-veloclty-depth
profile and a prcpagation plot for & station taken
at 68° north latitude and 019 west longitude in
Augusi,. Ray calculations indicate that rays having
an Inclination of less than 0.39 from a source at &
depth of 50 feet would be retained in the shallow
surface layer. Those having inclinations between
0.5 and 109 would be refracted down into the
jayer between the bottom of the SOF AR channel
(dashed line) and the ocean bottom and would re-
turn to a hydrophone at a depth of 50 feet at ranges
of between 45 and 53 kiloyards; the focus peak
would occur at 46 kiloyards. Rays with inclina-
tions greaterthan 100 would reflect from the ocean
bottom and would be received atall ranges between
the source and 45 kiloyards. The agreement be-
twecn the predicted and observed focna range for
the frequency band centered at 3600 cps is good,
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Fig. 2B - Propagation Curve

Fig. 2« Data Obtained »n Statlon 68¢ N, 01° W,
1 August 1952
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Data for Fig. 3 were obtained on a station lo-
cated 79 noeeh of the previous one, at 759 -porth
fatitude and 010 cust longitede during July, Ray
calculations fuor this situation indicate that rays
having inclinations of 1.19 to 12.59 at the source
depth would tefenct back to a depth of 50 feet at
ranges of between 27 and 46 kiloyards, and tie
predicted focus peak would be at 29 kiloyards.
Here again, there is good agreement between the
predicted focus at 29 kiloyards and thc observed
peak, which begins at 31 kiloyards.

Figuic 4 contains data taken on a station well
south of the other two, at 269 nosth latitude and
702 west longitude during April, The Mk 4(v) ham-
mechox, which was used for this station, does not
have so great an output as does the siren used on
the previaus two stations. In this instance, the
predicted focus cange is 70 kiloyards and the ob-
served peak occurs at 69 kiloyards. Although this
focus appeats to be weaker thanthe other two, the
totel loss from 2 kiloyards to the focus is approxi-

. mately 8 to 10 db less than in the previous two
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cases, and the apparent weakness is caused by a
lower source output,

These three stations, for which focus peaks
occuered at 48, 31, and 67 kiloyards, respectively,
in the baud from 3200 to 3800 cps, did not exhibit
a macked focus at all frequencies. For purposes of
comparison, the propagation plots presented in
Figs. 2 through 4 are repeated in Figs, 5 through
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Fig. 7 - Comparison ot Propagution Curves,
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7, accompanied by a plot for a 100-cps band cen-
tered at 250 cps.

Figure S represents the station where the focus
was observed at 48 kiloyards. Although there is a
rise in level of approximately 20 db for the band
centered at 3600 cps, no marked level increase
occurs at 250 cps. The same type of frequency
behavior is observed for the second station, as is
shawn in Fig. 6. In Fig. 7, however, the rise at
the focus is somewhat more pronounced at 250 cps
than it is at 3600 cps. ‘
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CONCLUSIONS

No explanation for the dependence of focus
intensity on frequency is offered at present, but it
is interesting to note that the frequency band
which best shows up a focus Is not always the
fowest one,? It |s hoped that an analysis of explo-
sive pulsen used in conjunction with the siren and

2 These conclusions wete appropriate whea the orig-
inal study wan prepated. An explanation of this phenom-
enon is presented in Study J,

Mk 4(v) hammerbox duting these experiments will
shed some light on this behavior,

The AMOS low-frequency progeam has reached
a stage where a substantial number of experimental
stations have been occupied, and the data from
most of these stations have been processed. The
propagation curves are now being interpreted ln
the light of envilonmental factors. However, iz
order to obtain the statistical averages which will
be required for a practical application of the data,
a much larger aumber of additional stations will
be required.
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STUDY J

COMPARISON OF COMPUTED AND MEASURED INTENSITIES
FOR PROJECT AMOS NOISEMAKER MEASUREMENTS'

T. P. Condron, D. L. Cols, and J. F, Kelly

Theotetical inteasity-versus-range plots have
been computed for one set of Project AMOS deep-
water, low-ftequency measurements, The sound
field in the vicinity of caustics and the bottom«
reflected field are iacluded ia the ;com}putntions.
These plots are compared with actual propagation
tuns for which a broad-band noisemaker covering
the frequency range from 250 to 8000 cps was used,
The obsetved intensities are in substantial agree-
ment with theory,

During the propagation program which the Un-
derwater Sound Laboratory has oanducted for sev-
eral years in connection with Project AMOS, a
vaciety of acoustic measurements have been made,
Of these measurements, the type to be discussed
in this study will be those in which a listening

- ship lay to in deep water while a transmitting ship
operated a noisemaker and opened range to approx-
imately 80,000 yards.? The object of this discus-
sion is to present the method being used to inter
pret the propagation loss observed for each of ten
frequency bands in the light of oceanographic
factors.?

In general, three major modes of propagation
are responsible for the behavior of the observed

! This study was dclivered as a paper at the Ninth
Navy Symposium on Underwatec Acoustics, ac the Naval
Research Laboraiory in June 1954 and was subacqueantly
published in the January 1953 issue of the Jouwrnal of
Underwater Acvustics,

2 This type of cun is designated as a ''station’” and
will be refetred to as such throughout this study,

3 The method which was used to resolve these noise-
maker runs into plots of sigoal leval versus range for
ten frequenacy bands waa discussed in ‘'AMOS Low-
Frequency Data  Aualysis Method,'’ by Thomas P.
Ceadroa asd John F. Kelly, & papes delivered ar the
Eig"th Navy Symposium on Underwater Acousiics, at the
Und . twater Sound Laboratory, 19-20 Navembes 1953, Sce
also Study [ of the present report.

signal versus range: (1) the direct sound field,
which is always predominant at the short ranges;
(2) the bottom-reflected ficld, which becomes pre-
dominant in the region beyond the ditece field; and
(3) the focused field, which is commonly observed
ar a'rangepofiabouts 60 kyd in the southem portions
of the North -Attaitic and Pacific Oceans and at
shocgee ranges in more noctherly latitudes. For the

ditact and focused fields the major causes of sig..

nal reduction with range gy spreading and ab-
sorption. For the bottomaedbcted field, a boundary
loss is introduced,

The first portiop of this study will deal with
the bosomweflected ficld, and the final portion
will be a diseussion of the focused field, Since we
are primatily interesced in long-range propagatiou,
it will suffice to setate that the direct field terni-
nates at a range of approximatelv 4 kyd for the
scation with which we ate concerned, Measurements
on this station were made by using an underwacer
siren in 1500-fathom water in the notthem latitudes
of the North Adantic Qcean.

The expression for ratio of the intensity at one
yard to that at any point in the medium (Eq. {9),
Study H) may be written:

! = (R sia 0/cos 0,) drR/dd, , (n

where
0, = the angle which the ray makes with the
horizontal at the source,

@ = the angle which the ray mukes with the
horizontal at the receiver, and

R = the horizontal distance from the source o
the recciver.

It is customary to break the velocity-depch curve
into layers of constant gradient, and then
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and

AR/ A0y = 3 dry/d0,
1

for N layers, The formulas which were used for
computing 7y and Jdry/d0, are as follows:

1y = (co/gi cos B,) (sin 8, ~ sin 9¢ 4 () (2)

(dri/d05) = (cq sin 0o/ g; cos? Bg)
w (17 :ie (?‘—l/sin 9‘+\). (3

In the layvr containing a vereex, the range from the

depth where the ray enters the layer to the same
depth on the othiet side of che vertex is

ty =(2c,/g, cos 0,) sin 0, , (4)
and the derivative is
dry/d8, = (Zc,/ g, cos? O,)(sin 0,/ sin 8,). (5)

In the above formulas g, is the gradient in the ith
leyer, g, is the pradient in the vertex layer, 6, is
the angle which the ray makes with the horizontal
at the depth where it enters the vertex layer, and
0, and 0; , , are the angles made by the ray upon
entering and leaviag the ith layer.

Thus, at any poiat after the vertex:

dR/d0, = (dr,/d0,)
vel N
[ Xtdri/doo) = F, dri/ds)).  (6)
]

vt s

The v~ 1 and v } 1 refes to the layers just before
snd after the vertex layer, respectively. When the
sum of the terms inside the brackees of Eq. (6) be-
comes equal to dr,/d0, in magnitude, then dR/d0,
vanishes (since all the dr)/d0, terms have the cp-
posite sign from dr,/df,) and a caustic is reached.
However, a sccond derivative exists unless if is
also a cusp, in which case the third derivative
would be required.

The corrected jnteasicy in the vicinity of a
caustic is obrained by multipl -ing the ray inten-
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Fig. 1 ~ Diffraction Correctian Curve

sity by the square of a value obtained from Fig. L.
The value of the parameter is computed from the
following relationship given in Eq. (20), Study H:
a= A, (dR/dx)*/2 (d2R/dxV? , ™M
where » is cos 0, and k, lsthe wave number ac the
source, J{a) is given in Scudy H.

The derivatives appearing in Eq. (7) wete com-
puted layer by layer as follows:

dri/dx = = (co/gq cos? 0,)(1/sin 8y — 1/sla 8;44)

=~ (1/sln G,) (dry/d8,) .
dr,/dx = ~(2ce/g, cos? 8,) (1/sin 8,)

oo (l/sln 0.,) (dfy/doo,! (8)

d2r)/dx? = (cy/ gy co83 6,)

x [(1/sin3 0; ~ l/sin’» 014+ 1)

- (3/sin 8; -~ 3/sin G; 4 )],

dr,/dx? = {c,/g, cos? §,)
x (1/sin3 @, - 3/sin 6,). (9)

For purposes of illustrating the method which

‘was used to compute phase, two rays which reflect

from the bottom will be considered with the source
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HORIZONTAL DISTANCE TRAVERSEU BY THE
Rfga = Up2 DEGREE RAY IN THE LAYERS DELOW
THE SOURCE.

HORIZONTAL DISTANCE TRAYERSED BY THE
R@gq = 0o1 DEGREE RAY IN THE LAYERS BELOW
THE SOURCE.

Ty, ~ 104, = AR WT/dR)
(14)
+L(ARYY/2) (d¥17dRY) v . .,

where

Fig. 2 -~ Geometry for Two Bottom-Roflectad Rays

and the rcceiver at the same depth (see Fig, 2).
The method applics, however, to tays with turaing
points and to cases where the source and the re-
ceiver are at different depths,

Assume that the range and its derivatives with
respect to ), have been calculated for the 8, de-
gree tay. The problem is to find dhe travel-rime
difference and, hence, the phase difference between
the rays.

Break the travel-time differences into two
parts, one part being the time taken by the 0, de-
gree ray to traverse the layer above the source and
the other being the differeace in travel time be-
tween the two rays in the laycrs below the source
and the receiver.

N
R = %3 (co/pi cO8 O N sin @ ~ sin @, 4 1) » (10}
N
T =§ (1/gp)
x (tanh"1 sin @, ~ tanh™} sin 0, , ) , (11)
dT/dt = (dT/d0,) (dBy/dR) = ces 0,/¢c4 .  (12)

Ezpaad T in a Taylor seties as a fuaction of R
(bciow the receiver),

TGy, =76, * (RO, , ~ RO, ,) (dr/di)
(13)
4 (RO, ~ RO, S/ 2AAT/AR v

d1/dR? = - (sin #/c) (doo/dR) .

Equatian (14) is the difference in travel time bee
tween the two cays in the layers below the sowrce
and the receiver, and this is an increase for the
0p1 degree ray over the @5, degree ray -since
dT/dR is always positive, In the layer above the
teceiver there is an increase in travel time for the
(g1 depree ray over the Oy degree cay. Thus, the
total dilference in travel time is

Ts0p, =10y, ~ 10,,) = Ar,

where Ty, , is the travel time for the 6, degree
ray in the layer abdve the source.

It was found that for most cases the first term
of the expansion was sufficient and that in the
layers below the ‘source and the receiver, the ex
pression

Ty, = 10y, = AR (cos 0,/c)

was usually accurate,

Figure 3 shows checretical plots of spreading
loss versus range for signals reflected once from
the bottom and for those reflected twice. The
curves ace based on intensities computed by using
the formulas given above and the velocity-depth
structure which existed at the time the measure-
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Fig, 4 ~ Sound-Velocity=Dapth Profile

ments were made, T'he velocity-depth profile for
these measurements is shown in Fig. 4. The sta-
tion was made at 75° north latitude and 01° east
loagitude during July.

In a homogeneous medium the two curves would
approach a slope of 6 db per distance doubled as
the slant range approached the horizontal range.
However, for the station under considecation and
for most dcep-water locations there is consid-
erable curvature for rays which make small angles
with the bottom. As a result of this curvature, the

OCEAN SURFACE AR
S0 FEET A 7
L9000 FEETL N i
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OURCE DEPTH: SOFEET

HYOROPHONE DEPTH: S50FEET
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Fig. 5« Spreading l.oss for the Combined Four Signal
Paths Reflezted Onca from tha Bottom for
o Frequency of 250 cps
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rate of spreading loss is preater than 6 db at the
tonger ranpes. For each of these orders of bottom
ceflection, as well as for all lugher otders, there
we four paths by which a signal can reach a re-
ceiver (see Lig. 5). For most of the ten bands into
which wie siren specttum was resolved, the four
signals could be combined simply by multiplying
the intensity for one path by four. At the lower fres
queucies, however, the rate of change of phase
with range was slow enough so that if phase were
neglected, significanmt etrors in the theoretical
curve would result, The plot shown in Fig. 5 com-
bines the four indicated paths for a frequency of
250 cps,which is the fundamental fre quency of the
sircn used in the measutements, The source and
the receiver are at depths of 50 fee?, and the water
depth is 9000 feet. Figure 6 preseats a simiiar plot

o
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aq
RANGE IN KYD

Fig. $ - Spreading Loss for the Combined Four Signal
Paths Reflected Once from the Bottom for
a Frequency of 1250 cps

for the fifth harmonic of che siren, Because of the
proximity of the peaks at this frequency nnd because
there were two or more harmonics in the pass band
of all the filters used in processing the data above
the third harmonic, phase above this frequency was
neglected.

The next step in the analysis was the construc-
tion of a theoretical curve which indicaicd loss
versus range. The computations for this purpose
included absorption and spreadicg for each of the

ten frequency bands.* When the spreading loss

1 Absorption was computed from Leonard’s formula
and by using the new constants which ate presented by
H. Wysot Marsh, Jr., and Morris Schulkin in Study A of
this repors.
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and absorption had been established as Iunctions
of range, the cheoretical plots for signals reflected
once from the bottom were compared with the meas-
ured propagacionplots at short ranges where spread-
Ing predicted that these signals would be much
stronger than those of higher-order reflection. A
smoothed curve of loss per reflection versus angle
af teflection at rhe bottom was then constructed for
each of the ten frequency bands and extrapolated
to include aagles from 15° to 80°. Some of these
curves are shown in Fig. 7 and indicate that the
ceflection loss increases with frequency aad angle
of tellection. The maximum range used in deter-
mining the curves was 10 kyd, which correspended
o a tefleccion angle of 30° for this station. Values
from these curves were used to correct signals of
higher-order botwm reflection, and the various
orders were combined. The end tesult was a pre-
dicted curve which included spreading, absocption,
and bouadary loss for each [requency band.,

In order to check these tesults, the predicted
curves of level versus range were compareid with
the observed plots with the view that any large
error in bottom-teflection loss would show up be-
yond the 10-kyd range, the maximum range used in
determining the curves in Fig. 6. The agrecment
between the predicted and observed levels was
good except for the 250-cps plot, This plot indi-
cated that the bottom-reflection loss is not zern
for angles of less than 37° (see Fig. 8). In Fig. 8
the solid curve is the predicted one. It is evidant
from Fig. 7 that the decrease in obscrved signal
is more rapid than that expected if the loss were
zeto for grazing angles of less than 37°, Poiats
beyond 26 kyd have been umitted because focused
rays which do net reflect from the bottom arrive in

REQUENCY: 250GP5

HYDROPHONE DEPTH: SOFEET
SQURCE DEPTH: 20 FEET ]
SQURCE LEVEL: 7308//1 DYNE/CM

L,(;L- mﬂl)m' } .
Bnindnid o\ S

3
RANGE IN XD

Fig. 8 - Sound Pressure Leve! vs. Range for
a Frequency of 250 cps

this region, A sample of the good agreement at
other frequencies is shown in Fig., 9, which is a
plot of measured acoustic-pressuce level versus,
range for the frequeacy band from 4000 to 5000
¢ps. The smooth curve is the one predicted on the
basis of the bottom-reflection losses shown in
Fig. 7.

Two focus regions, onc at a range of 30 kyd
and one at a range of 60 kyd, were observed dure
ing this station, These were caused by rays with
initial soutce angles of less than approximately
12° which went through tucniag points at depths
between G000 and 9000 feee, As a cesult, four caus-
tics were formed at shallow depths in both focus
regions; each caustic was associated with one of
ihe four possible paths, Because of the rapid con-
vergence of the rays in the caustic region and the
subsequent inter{erence between neighboting rays,
it was necessary to cotrect the levels based on

10 I FREQUENGY BAND: 4000-5000CPS
] HYDROPHONE DEPTM: 50 FEET
o < DIRECT SOURCE DEPTH: 20 FEET 2
8 FIELD SOURCE LEVEL: 670B/#1DYNE/CM
g =t & LT 11]]
At
s
-10
§ (|} I~ S d s 'y L
é d N
-20 v~
§ [ X NN ] lwb
I “ ..... — AMOIENT — —
) 5 10
RANGE IN KYD

Fig. 9 . Sound Pressura Lovel vs. Ronge far the
4000- to 5000-cps Frequency Band
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tay geometry for diffraction. This cortrection was

accomplished by using the formulas given pre-
" viously.

Figure 1, which is a graph of the correction
factor for diffraction, predicts that the maximum
intensity daes not occur at the caustic where the
first derivative vanishes but at some nearby poiat,
the position of which is dependent on frequency.
This factis in agreement with the findings of Airy.
By meuns of these corrections and by application
of absotption loss, a theoretical curve for minimum
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propagation losy versus frequency for each focus
region was drawn,

The curve for the firse focus region near 30
kyd s shown in Fig, 10, This curve indicates n
minimum [oss of approximaecly G2db at a frequency
of 1500 cps which is caused by less intense fos
cusing ut the lower frequeacics and higher absorp-
tion wt the upper frequencies. Since the ambiene
level is lowee and the bottom-reflected ficld dropa
to the ambient more quickly ac higher frequencies,
there is an arpument for choosing one of the highee
frequencies when attempting to observe the focus-
ing phenomenon,

The predicted and observed propagation losses
for the sccond focus region near 60 kyd are shown
in Fig, 11, Although some scatter is apparent,
there is good gencral agreement between the pre-
dicted and observed values, The peak of the thee
oretical curve appears at approximactely 1000 cps
as oppused to 1500 cps in Fig. 10. This {act in-
dicates that as the range to the focus cegion in-
creases, absorption will cause che optimum focus
to shift toward increasingly lower frequencies. The
scatter in Figs, 10 and 11 may well be an error in
source level

in conclusion, the complete intensity profile
for one of the AMOS low-frequency noisemaker runs
has been calculated accarding to the oceanogeaphic
pictuce. It has been possible to calculate the peak
intensity in the focus region within a few decibels
of the observed intensity. Bottom-reflection losses
have been obtained as a function of the angle of
reflection at the bottom, It remains now to check
whether the behavior of other AMOS stations is
similar to the behavior of the station discussed in
this paper, Future plans also include a comparls
son of the bottom-teflcction losses for each sta-
tion with bottom cores and seismic profiles made
during the measurements,
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